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As the global demand for energy grows, many nations are considering developing 
or increasing nuclear capacity as a viable, long-term power source.  To assess the 
possible expansion of nuclear power and the intricate relationships—which  cover the 
range of economics, security, and material supply and demand—between established and 
aspirant nuclear generating entities requires models and system analysis tools that 
integrate all aspects of the nuclear enterprise.  Computational tools and methods now 
exist across diverse research areas, such as operations research and nuclear engineering, 
to develop such a tool. This dissertation aims to develop methodologies and employ and 
expand on existing sources to develop a multipurpose tool to analyze international 
nuclear fuel supply options.   
The dissertation is comprised of two distinct components:  the development of the 
Material, Economics, and Proliferation Assessment Tool (MEPAT), and analysis of fuel 
cycle scenarios using the tool. Development of MEPAT is aimed for unrestricted 
distribution and therefore uses publicly available and open-source codes in its 
development when possible. MEPAT is built using the Powersim Studio platform that is 
widely used in systems analysis. 
MEPAT development is divided into three modules focusing on: material 
movement; nonproliferation; and economics. The material movement module tracks 
material quantity in each process of the fuel cycle and in each nuclear program with 
respect to ownership, location and composition. The material movement module builds 
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on techniques employed by fuel cycle models such as the Verifiable Fuel Cycle 
Simulation (VISION) code developed at the Idaho National Laboratory under the 
Advanced Fuel Cycle Initiative (AFCI) for the analysis of domestic fuel cycle. Material 
movement parameters such as lending and reactor preference, as well as fuel cycle 
parameters such as process times and material factors are user-specified through a 
Microsoft Excel © data spreadsheet.  The material movement module is the largest of the 
three, and the two other modules that assess nonproliferation and economics of the 
options are dependent on its output.  
Proliferation resistance measures from literature are modified and incorporated in 
MEPAT. The module to assess the nonproliferation of the supply options allows the user 
to specify defining attributes for the fuel cycle processes, and determines significant 
quantities of materials as well as measures of proliferation resistance. The measure is 
dependent on user-input and material information.  
The economics module allows the user to specify costs associated with different 
processes and other aspects of the fuel cycle. The simulation tool then calculates 
economic measures that relate the cost of the fuel cycle to electricity production. The 
second part of this dissertation consists of an examination of four scenarios of fuel supply 
option using MEPAT. The first is a simple scenario illustrating the modules and basic 
functions of MEPAT. The second scenario recreates a fuel supply study reported earlier 
in literature, and compares MEPAT results with those reported earlier for validation. The 
third, and a rather realistic, scenario includes four nuclear programs with one program 
entering the nuclear energy market. The fourth scenario assesses the reactor options 
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available to the Hashemite Kingdom of Jordan, which is currently assessing available 
options to introduce nuclear power in the country.   
The methodology developed and implemented in MEPAT to analyze the material, 
proliferation and economics of nuclear fuel supply options is expected to help simplify 
and assess different reactor and fuel options available to utilities, government agencies 
and international organizations.  
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CHAPTER 1 INTRODUCTION 
1.1 Motivation  
Economies across the globe depend on energy.  A 1978 economic study showed a 
correlation between energy consumption and domestic production output in the case of 
the United States of America (US).  An increase in energy consumption led to an increase 
in gross national product (GNP) for the period of 1947 to 1974 [1].  Other studies have 
supported this finding for other countries, though the strength of the correlation varies 
with time and location. As conventional fossil energy resources become scarce or 
economically unattractive more countries are considering nuclear energy to meet their 
growing energy demand. The United States is seeking to collaborate with other countries 
to expand safe and clean nuclear energy to help meet global energy demand.  
The United States and several other partner countries seek to obtain this goal in 
one part by specifically establishing “supply arrangements among nations to provide 
reliable fuel services for generating nuclear energy … without spreading enrichment … 
technologies [2].” This is evident in the 123-agreement between the US and the United 
Arab Emirates [3]. The International Atomic Energy Agency (IAEA) is concerned about 
the potential proliferation of nuclear processes used for non-peaceful purposes [4].  A 
proposal for an international fuel bank has thus been suggested to guarantee and secure 
nuclear fuel supply and limit proliferation sensitive technologies.  Other interested parties 
have shown their support for this proposal with political and monetary support.  The US 
has given $50 million to this effort while Norway has pledged $5 million.  The US based 
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Nuclear Threat Initiative has pledged $50 million in matching funds [5].  Additionally, 
Germany has proposed initiation plans for a multilateral fuel processing facilities [6].   
Proposals for multinational fuel supply arrangements require analysis 
encompassing the fields of technology and policy.  Policymakers must understand the 
underlying actions of international fuel supply. Material composition of nuclear fuel must 
be analyzed at the time of leasing. How leased materials transform over time must also be 
understood.  Policymakers must understand the impact that international nuclear fuel 
supply will have on processes, their facilities and associated material and waste streams.  
Effects on front-end processes to prepare ore material for reactor use and the back-end 
processes for disposal concerns must be taken into consideration. Economics and industry 
viability must also be analyzed when choosing international fuel leasing options. This 
dissertation analyzes and characterizes nuclear supply options as they relate to material 
requirements, proliferation resistance, and economics with the development of the 
Material, Economics, and Proliferation Assessment Tool (MEPAT). This dissertation 
limits the scope of analysis of fuel supply options to once-through fuel cycles using light 
and heavy-water reactor designs.  Fuel cycles that incorporate recycling and reprocessing 
strategies are in their infancy and it is the author’s belief that international fuel supply 
options in the near to midterm are not likely to make use of such technology. The 
dissertation also limit reactor types to light and heavy-water concepts due to their 
widespread used in the industry and the slow deployment of alternate reactor types. 
Two key aspects in the development of MEPAT are the use of open-source 
material and codes and ease of use. The use of open-source material and codes will allow 
for widespread distribution, use and modification without restriction. Ease of use will 
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allow the user pool to expand beyond computer programmer and engineers with 
extensive knowledge of nuclear practices. This tool will be useful in the hands of the 
decision makers by allowing them to assess implications of different nuclear fuel supply 
options. 
1.2 Research Goals 
The dissertation is comprised of two distinct components: analysis of fuel supply 
options and development of the Material, Economics, and Proliferation Assessment Tool 
(MEPAT) to simulate the international fuel supply options used in the analysis. The 
analysis component consists of an examination of four fuel supply scenarios. The first 
scenario is a simple scenario illustrating the mechanics and functions of an assessment 
tool. The second scenario validates the tool by recreating a fuel supply scenario from 
published literature [7]. The third scenario uses four nuclear programs with three 
strategies for a distinct program entering the nuclear energy market. The fourth scenario 
uses real world information concerning a nation introducing nuclear power. 
 The model development component is further divided into three modules 
focusing on: material movement, nonproliferation, and economics. The material 
movement module is the largest and the other modules involving nonproliferation and 
economics are dependent on its output. This dissertation research uses several sources of 
published research and open-source programs to accomplish goals as discussed in the 
previous paragraph. Throughout this research, MEPAT results are compared to published 
results from research of three fuel cycle models and studies. These comparisons serve as 
demonstration of accuracy and validity of MEPAT. The first model used in comparison is 
the result of collaboration between private industry and national laboratories deemed 
 3
MULTINUKE [7]. The second comparison model, the Nuclear Fuel Cycle Simulation 
System (VISTA), is a creation of the International Atomic Energy Agency [8]. The final 
study is the “Future of Nuclear Power: An Interdisciplinary MIT Study” a report 
published by the Massachusetts Institute of Technology [9, 10]. A discussion of each of 
the study and models used in comparison is included in Chapter 2. 
The dissertation also uses published research for incorporation of proliferation 
resistance measures and as a basis of comparison for fuel supply options. Proliferation 
measures developed earlier by Charlton et al are expanded for inclusion in MEPAT [11]. 
This research modifies the original measures, as set forth in publication, to include 
properties of additional materials and a dynamics aspect in its defining functions.   The 
research programs the modified measures for direct use in MEPAT. A discussion of the 
original and modified proliferation measures is included in Chapters 2 and 5 respectively. 
The dissertation uses two codes extensively in the development of MEPAT, 
Powersim Studio and ORIGEN-ARP [12, 13]. Powersim Studio is a system dynamics 
code commonly used in business applications such as supply chain management. MEPAT 
is programmed on the Powersim Studio platform using native functions and capabilities.  
The choice of the application derives from the successful application of nuclear fuel cycle 
models in the program and their use in system analysis [14]. The isotopic burnup code 
ORIGEN-ARP is used to discern nuclear reactor material composition. Chapter 2 
discusses the methods of the Powersim Studio and ORIGEN-ARP. 
 This remainder of the dissertation is organized as follows. Chapter 2 gives a 
detailed review of nuclear fuel cycle codes and methodologies currently in use, as well as 
an overview of modeling and simulation codes used in this dissertation. Chapter 3 gives 
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an overview of the structure of MEPAT. Chapter 4 details the methods used in the 
material module of MEPAT as well as validation for the module. Chapter 5 details the 
methods of and validates the nonproliferation and economics modules of MEPAT. The 
model is validated and applied to progressively more complicated scenarios, which are 
presented in Chapter 6. Chapter 7 includes a summary of the dissertation and identifies 
areas of future research. Appendix A provides the finer details of the major functions that 
comprise the material movement, nonproliferation, and economics modules. Appendix B 
provides information concerning the fuel compositions used in the model and the 
ORIGEN-ARP input. Appendix C provides data spreadsheet used at input for selected 
comparison and scenarios in the dissertation. 
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CHAPTER 2 LITERATURE REVIEW AND TOOLS OVERVIEW 
 
Results obtained using MEPAT are compared to published results using three fuel 
cycle models and studies, which include the MULTINUKE model, the VISTA model, 
and the  “Future of Nuclear Power: An Interdisciplinary MIT Study” [7-9]. The scope of 
discussion of the model and study is limited to the areas relevant to the comparison of the 
dissertation model. The comparison between these sources and the research model serve 
as a confirmation of the methods employed here. The first section of the chapter 
overviews these models and studies used for comparison. Current research also modifies 
and incorporates proliferation resistance measures developed by Charlton et al as a basis 
of comparison for nuclear fuel cycle systems [11]. The proliferation measures used in the 
current study are modified from their original form to include highly enriched uranium 
and minor actinides, and to add a dynamic aspect to their calculation. The second section 
of the chapter overviews the original proliferation methodology. The third section of this 
chapter gives an overview of the computer codes used in this study to develop MEPAT. 
These are: Powersim Studio, a systems dynamic code; and ORIGEN-ARP, an isotopic 
fuel depletion code. 
2.1 Nuclear Fuel Cycle Models and Studies 
Reis et al developed a model, called MULTINUKE, to evaluate international fuel 
leasing options.  The MULTINUKE model is a systems dynamics representation of the 
nuclear fuel cycle supply options between two nations [7]. The model uses the STELLA 
system dynamics program that provides a graphical interface application linked to an 
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underlying system dynamics code [15]. The program is one of four major system 
dynamics code that include Powersim as well as the Vensim and Dynamo programs [16, 
17]. System dynamics programs have been used in applications to nuclear systems 
including the DYMOND and DANESS programs [18, 19].  The schematic diagram for 
MULTINUKE on the IThink/STELLA platform is illustrated in Figure 2.1. 
 MULTINUKE is applied to four scenarios in the published research. The 
scenarios divide nations into supplier nations, type-1, and user nations, type-2. Supplier 
nations are nations that lease nuclear fuel to user nations. Supplier nations include the 
nuclear weapon states: Russia, the United States, China, the United Kingdom and France.  
Japan is the sole supplier nation not designated as a nuclear weapon state.  User nations 
are all other nations not listed as supplier nations. The scenarios have a period of 80 years 
and include fast and thermal reactor options as well as recycling options. Thermal 
reactors have the option to use uranium or mixed oxide (MOX) fuel.  Recycling begins as 
spent fuel storage reaches capacity in the scenario.  An assumption is that there are 200 
tonnes of civilian separated plutonium from reprocessing in supplier nations and excess 
nuclear weapons materials are ignored.  Broad energy assumptions regarding energy 
consumption and growth rate are also made in the analysis of scenarios. For example, 
annual electricity growth set at 1% and 2% for supplier and user nations respectively.  
Initial power is assumed to be 560 and 700 gigawatts-electric (GWe) of fossil power and 
220 and 100 GWe of nuclear power for type-1 and 2 nations, respectively.  It is also 
assumed that both user and supplier nations increase nuclear energy production until it 
represents 50% of the total electricity generation.   
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The model developed is used to analyze four scenarios, only the material results 
of first two scenarios are used in comparison to MEPAT results. No leasing between the 
user nation and the supplier nation occurs in the first scenario and both entities have open 
fuel cycles.  Supplier nations have an open fuel cycle and lease fuel to user nations which 
only have reactors in the second scenario.  The third scenario features no leasing between 
the nations and a closed fuel cycle with reprocessing in each nation.  Supplier nations use 
fast reactors (FR) to close their fuel cycle while user nations use mixed oxide (MOX) 
fueled light-water reactors (LWR) to close their fuel cycle.  The fourth scenario studies a 
supplier nation with a fast reactor based closed fuel cycle with user nations leasing fuel 
with only a light-water reactor component to their fuel cycle.   
The model developed is used to analyze relevant scenarios for international fuel 
supply options but has its limitations.  The model and its underlying algorithms are not 
publicly available due to ownership by private and government organizations.  
MULTINUKE is contained solely within the STELLA program limiting its use to those 
with extensive knowledge of the platform. MULTINUKE uses general characteristics to 
group nations into broad categories including assumptions for energy, energy growth, 
initial power and nuclear energy production. 
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Figure 2.1. Schematic for MULTINUKE program developed on the STELLA platform [7]. 
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The Nuclear Fuel Cycle Simulation System (VISTA) is the result of efforts by 
working groups, under the auspices of the International Atomic Energy Agency (IAEA), 
stemming from the Nuclear Fuel Cycle and Reactor Strategies symposium [8]. VISTA is 
used to determine annual requirements for various types of reactors and the discharged 
fuel quantity from the nuclear fuel cycle system. The current version of the code is in the 
form of a Microsoft Excel © spreadsheet format. VISTA can cover a time-period ranging 
from the introduction of nuclear power, specified by the user, until the year 2050 or 2100. 
The model calculates fresh and spent fuel requirements and accumulation using an 
isotopic depletion algorithm, Calculating Actinide Inventory (CAIN). Figure 2.2 
illustrates the material flow simulated in VISTA. 
VISTA categorizes input into three types: strategy, fuel and control. Strategy 
parameters include nuclear capacity, load factors, reactor type mixture, and reprocessing 
and recycling strategies. Fuel parameters include burnup, enrichment and tails assay. 
Control parameters include process times, process loss factors, use of depleted and/or 
enriched uranium, number of reprocessing cycles, and mixed-oxide fuel use. VISTA 
categorizes output into front-end and back-end parameters. Front-end results include 
natural uranium, conversion, enrichment and fresh fuel requirements. Back-end results 
include reprocessing requirement and spent fuel accumulation classified by uranium, 
plutonium and minor actinide material. 
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Figure 2.2. VISTA material flow diagram [8]. 
. 
 
 
The VISTA model uses the CAIN (Calculating Actinide Inventory) computer 
code to track isotopic fuel depletion and decay. CAIN uses the Bateman equations, a 
theoretical burnup solution for a point reactor using a one-group neutron cross section. A 
comparison between the CAIN and ORIGEN codes using the same reactor burnup 
scenario shows an average of 0.1% difference between the total mass with differences for 
individual isotopes ranging up to 5%. VISTA does compare fuel cycle mass requirement 
results to previous studies including the “Future of Nuclear Power” study discussed 
below. Chapter 4 gives results of a material flow comparison between VISTA, the study 
and MEPAT. VISTA does not contain proliferation or economic measures. Attempts to 
attain the VISTA model were unsuccessful despite the internet availability listed in the 
report cited.  
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 The Massachusetts Institute of Technology (MIT) published the “Future of 
Nuclear Power” report in 2003 exploring the options for the possible next steps for the 
global nuclear industry [9]. MIT also published an update to the original report in 2009 
[10]. The full scope of the MIT report discusses factors related to an increase in global 
nuclear power in the next fifty years including technical, economic, environmental, and 
political challenges. The report also discusses possible steps to overcome the challenges 
to nuclear power. Specifically, this report is based on a fuel cycle system analysis to 
assess fuel cycle requirements contained in the report appendix. Figure 2.3 illustrates the 
fuel cycle flow diagram from the analysis. Fuel cycle requirements in this study include 
total mass as well as material by uranium, plutonium and minor actinide quantities. 
Results of this report along with those obtained using the VISTA model are compared 
against those obtained using the MEPAT to validate accuracy and implementation of 
methods. The nature of the code used to obtain the MIT nuclear fuel cycle system 
requirements including the calculation model and/or platform are unclear due to the 
unavailability of the code. 
 
 
 
Figure 2.3. Illustration of the material flow diagram for a nuclear fuel cycle system [9]. 
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 2.2 Proliferation Measure Methodology  
Charlton et al developed a proliferation resistance assessment methodology in 
published research [11]. The methodology uses a multiattribute utility function to assess 
proliferation resistance of a nuclear system. Multiattribute utility function use in analysis 
of nuclear systems has been successfully presented in previous research [20].  Due to the 
highly subjective nature of this measure,  Charlton et al limited the methodology to three 
widely agreed upon aspects that increase proliferation resistance including the reduction 
of special nuclear material quantities;  the avoidance of separated special nuclear material 
streams;  and material and process design that increases safeguards such as material 
accountancy and surveillance.  The methodology set forth tracks a specified mass 
throughout the system. A nuclear security measure, (NS), of the mass is calculated at 
specified times.  Systems are user-defined and can range from a lone reactor to a multi-
facility nuclear fuel cycle including process ranging from uranium milling to disposal.   
The proliferation methodology set forth in the paper defines a “nuclear security 
measure” as [11], 
1
1
,
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



     ( 2.1) 
 
where n is the system processes, mi is the amount of material in significant quantities 
(SQ), Δti is the time the material is in the process i at the static proliferation resistance 
measure , PRi , for process i.  The use of significant quantities is as defined by the IAEA . 
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The use of SQs as a mass measure is used to normalize between different material 
streams.  The “proliferation resistance measure” is defined in terms of various attributes 
as [11],  
 
,
1
( )
J
i j j
j
PR w u x

 i j ,     ( 2.2) 
 
 where wj is the weight for attribute j, uj is the utility function for attribute j and xi,j is the 
input value for the utility function for attribute j in process i.  The fourteen attributes 
along with their weights and qualitative measures are listed in Table 2.1.  Attribute 
weight were determined by a compilation of a survey of authorities in various fields of 
nuclear safeguards and security. The attributes with the highest weights are the DOE 
attractiveness level, the physical barriers, the concentration of significant quantities and 
the uncertainty of measurement. Attribute utility functions consist of both discrete and 
continuous functions.  Input values for the discrete utility functions are qualitative, while 
continuous utility functions have numerical input values.  Utility function definitions for 
each attribute as set forth by Charlton et al set are given in Chapter 5. Only two attributes 
with each type of utility function, discrete and continuous, are discussed here, material 
attractiveness and concentration. 
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Table 2.1. Measures, Attributes and Weights for Proliferation Assessment Methodology. 
 
Attractiveness Level 1 DOE Attractiveness Level 0.10
2 Heating Rate 0.05
3 Weight Fraction of Even Pu 0.06
Concentration 4 Concentration (SQs/t) 0.10
Handling Requirements 5 Radiation Dose Rate 0.08
6 Size/Weight 0.06
Accounting System 7 Freq of measurement 0.09
8 Measurement Uncertainty 0.10
9 Separability 0.03
10 % of Acct Processing Step 0.05
Accessibility 11 Prob of Unidentified Movement 0.07
12 Physical barriers 0.10
13 Inventory (SQs) 0.05
14 Fuel Load Type 0.06
WeightMeasure Attribute
 
 
The US Department of Energy (DOE) Manual for Control and Accountability of 
Nuclear Materials defines material attractiveness levels [21].  Attractiveness is measured 
by the ease of use of material for weapons. The highest attractiveness level is A which 
represents assembled weapons and is not included in the nuclear fuel cycle. The 
descending levels are B for pure products such as plutonium pits, C for high grade 
materials such as fuel elements, D for low grade materials such as moderately enriched 
uranium hexafluoride and E for all other materials.  Discrete utility values for 
attractiveness levels B through E and categories I through IV which is determined by 
mass are listed in Table 2.2.  
A continuous utility function is used for the concentration attribute. 
Concentration is defined as the ratio of SQ per unit metric ton in the process. The utility 
function is defined as [11],  
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where x4 is the concentration of the material and x4, max is the maximum concentration 
constant of 125 based on Pu metal. Both input variables have units of SQ/t.  The utility 
function for the concentration attribute is illustrated in Figure 2.4. 
 
Table 2.2.Utility function for DOE attractiveness level attribute [11]. 
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Figure 2.4. Utility function for concentration attribute. 
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Charlton et al implement the methodology for a single facility system before 
extending the methodology to systems with multiple processes. The single process 
systems investigated are a pressurized-water reactor (PWR), a heavy-water reactor 
(CANDU), a plutonium uranium extraction (PUREX) process facility, a uranium 
extraction (UREX) process facility, and wet fuel storage facility with spent PWR fuel.  
Experts generally agree about the levels of proliferation resistance built in these single 
processes, and the methodology was thus used to test if the nuclear security measure (NS) 
results obtained coincide with generally agreed upon figures.  The NS defined by the 
methodology for the single facility systems are listed in Table 2.5.  The PWR has a 
higher NS than the CANDU reactor, which is generally agreed upon due to the lower 
burnup and online refueling capabilities of the CANDU. Reference 11 gives a 
comprehensive discussion of the results for the NS and states that results agree with 
general perception. Finally, Charlton et al. investigates two multiple facility systems, a 
once-through PWR system and a closed fuel cycle using a PWR reactor, UREX 
reprocessing and an accelerator driven system (ADS) burner reactor.  
 
Table 2.3. Nuclear Security measure for five single process systems [11]. 
 
Simple Process
Total Nuclear 
Security Measure 
(NS)
PWR 0.93
CANDU 0.76
Purex 0.28
UREX 0.35
Wet fuel storage 0.79
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The methodology developed and presented in Reference 11 has limitations and 
this dissertation research seeks to expand its scope. Chapter 5 gives a comparison of 
results from the once-through PWR system as presented in the literature and the 
dissertation tool results using the modified proliferation resistance measures. 
2.3 Development Codes  
This section gives a detailed overview of computational codes used in the 
dissertation and their underlying techniques and theories.   The dissertation uses two 
codes extensively in the development and implementation of the assessment tool, 
Powersim Studio, and ORIGEN-ARP. Powersim Studio is a system dynamics program 
commonly used in business applications. MEPAT is implemented on the Powersim 
Studio platform using its native functions and capabilities.  The isotopic depletion code, 
ORIGEN-ARP, is used to discern information related to nuclear reactor material 
composition.  
2.3.1 Powersim 
Powersim is a dynamic simulation program used to model complex systems.  
Powersim is particularly useful for solving coupled differential equations.  Powersim is 
attractive because of its visual interface that allows the user ease in design and its 
connectivity to spreadsheet and other programming languages such as Visual Basic.  
Powersim also includes built-in optimization and risk analysis features.  
The basic building blocks of Powersim are levels, constants, flows and auxiliaries 
[12]. A level is a variable that accumulates amounts of the tracked object and is 
represented in the model by a square.  Levels may be given predefined units such as a 
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kilogram or a user-specified unit such as an atom.  Flows are variables that define the 
movement of objects contained in levels in the model.  These variable types are 
represented by a thick arrow shape. Constants are parameters that have a static value and 
are represented by a diamond. Auxiliaries are variables that have dynamic values and are 
represented by a circle.  Flows may be defined strictly by self-contained equations or by 
linking auxiliaries and constants. Powersim shows variable links between variables with a 
thin arrow.  
A concise example of a nuclear oriented application of Powersim is a radioactive 
decay model. A simple four nuclide model is illustrated in Figure 2.5.  Nuclide A has a 
half life of 3.5 days with 1000 atoms initially. Nuclide B has a half life of 3.5 days with 
300 atoms initially. Nuclide C has a half life of 1.7 days with 400 atoms initially.  
Nuclide D is a stable nuclide with 10 atoms initially.  Nuclide A undergoes branched 
decay to nuclide B in 85% of decays and nuclide B undergoes branched decay to nuclide 
C with 60% of decays. 
 
 
Figure 2.5. Radioactive decay schematic for four nuclide decay example 
 
This example is model by first creating four levels,  one for each nuclide, defining 
a new global unit, an atom, and setting each level equal to the respective initial atom 
value. Flows are created between nuclides A and B; A and C; B and C; B and D; and C 
A B C D 
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and D. Constants are created to represent the decay constants.  Constant and level 
variables are linked to the flow variables and then the flows are defined using those 
values.  An illustration of the Powersim model for this simple example problem is given 
in Figure 2.6.  The outflow equation from A to C “AC-Rate,”  or in common terms, rate 
of change of A with respect to time, is the product of the constant variable “lambda-AC” 
and the level variable “A”.  Simulation settings must also be specified in Powersim, 
which include start time, stop time, and timestep.  An integration method must also be 
chosen from four options: 1st order Euler, 2nd order Range-Kutta, 3rd order Range-Kutta, 
and 4th order Range-Kutta.   A time step of one hour and a four month time range is used 
for this example. Powersim allows the user to display results in various ways. Results can 
be exported to text files output for data manipulation by programs or displayed in chart or 
graphical form within Powersim.  Data displays can be manipulated to include specific 
variables and time ranges. Figures 2.7 and 2.8 show the graphical and chart output forms 
for the example. 
 
  
A B C DAB-Rate BC-Rate CD-Rate
AC-Rate
BD-Rate
lambda - AB
lambda - AC
lambda - BC
lambda - BD
lamda - CD
 
 
Figure 2.6. Powersim illustration of radioactive decay schematic for four nuclide decay example. 
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Figure 2.7. Powersim illustration of graphical output for four nuclide decay example. 
 
 
 
Figure 2.8. Powersim illustration of chart output for four nuclide decay example. 
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2.3.2 ORIGEN-ARP 
ORIGEN-ARP, developed at the Oak Ridge National Laboratory, is an isotopic 
generation and depletion code [13]. The code uses a matrix exponential method to solve 
coupled first order differential equations. ORIGEN-ARP is used to track material 
properties in the light and heavy-water reactor designs included in the MEPAT. The code 
includes extensive cross section data from ENDF/B-VI, the Fusion Evaluated Nuclear 
Data Library FENDL-2.0, and the European Activation Library EAF-99.  For a particle 
isotope Ni , ORIGEN-ARP solves problems of the form [13], 
 
' '
, , , 1 1 , , ,i j i f j j c j i i i f i i c i i i i
j
dN N N N N N
dt
                 N      ( 2.4) 
 
where  Σ γj, i σf,j  Nj  φ is the yield rate of Ni due to the fission of all nuclides Nj ; σc,j-1 Ni-1 φ 
is the rate of formation of Ni due to radioactive decay of nuclide Nj’;   λ’i  N’i is the rate of 
formation of Ni due to the radioactive decay of nuclides N’i ;  σf,i Ni φ is the destruction 
rate of Ni due to fission; σc,i Ni φ is the destruction rate of Ni due to all forms of neutron 
absorption other than fission including (n,γ),( n,α), (n,p), (n,2n), (n,3n) type reactions; 
and λi Ni is the radioactive decay rate of Ni. Equation 2.4 can be rewritten in the form 
[13], 
,N A N

         ( 2.5) 
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where  is a nuclide concentration vector and 
~
N A  is the matrix containing rate 
information for neutron absorption and radioactive decay. The solution to equation 2.5 is 
of the form [13], 
     
exp( ) (0)N At N     ,    ( 2.6) 
 
where (0) is a vector of initial nuclide concentration. The matrix exponential function 
exp ( t) is defined as [13],    
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where I is the identity matrix. Equations 2.6 and 2.7 define the matrix exponential 
method employed by ORIGEN to solve decay problems. 
 ORIGEN-ARP uses a library of geometrical models of nuclear reactor designs to 
apply neutron flux in discerning isotopic composition. This library negates the need of 
the user to build their own geometric model using a reactor physics codes such as the 
Monte Carlo N-Particle Code (MCNP) [22]. ORIGEN-ARP contains library for 
seventeen different reactor designs including light and heavy-water reactor designs. This 
research uses three ORIGEN-ARP reactor designs for the Westinghouse PWR with a 
17x17 fuel assembly, a CANDU reactor with a 37 bundle assembly and a CANDU 
reactor with a 28 bundle assembly. Reactor parameters and details of the use of Chapter 
further discuss the use of ORIGEN-ARP with supporting information in Appendix B. 
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CHAPTER 3 MEPAT OVERVIEW 
 
MEPAT which is used to assess nuclear fuel supply options is described in this 
chapter. This chapter introduces and overviews the broad features of MEPAT including 
the model and data files. Finer details are provided in Chapters 4 and 5. Since the 
development of a user-friendly environment is an integral part of this effort, the broad 
features of MEPAT are presented along with the way they are integrated in Powersim. 
 MEPAT has three modules: material movement, nonproliferation and economics. 
The current version of MEPAT accommodates up to four nuclear programs, which may 
represent any configuration of nuclear fuel cycle facilities. MEPAT also contains the 
structure to accommodate up to three reactor types. MEPAT tracks material quantity for 
the individual processes and not actual process facilities. Processes modeled include 
mining and milling, conversion, enrichment, fuel fabrication, reactors and disposal [20]. 
MEPAT is developed in the Powersim Studio program, release 8 Expert version. 
The user opens the Studio program and selects the file, ending in a .sim extension, 
corresponding to MEPAT. The selection of the application file also opens the linked data 
spreadsheets. The general structure of the model follows the structure of the Verifiable 
Fuel Cycle Simulation (VISION) code with major functions of the modules contained on 
separate tabs in Powersim [14].  
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Different aspects of MEPAT can be accessed through modules, contained on nine 
tabs in the model application, on the main navigation page. These tabs are “Reactor 
Order”, “Fuel Order”, “Reactor Demand”, “Fuel Demand”, “Lending”, “Material Flow”, 
“Material Composition”, “Nonproliferation” and “Economics”. The application opens 
with the “Navigation Page” tab. Figure 3.1 illustrates the navigation page, which links to 
all other tabs. Relevant fuel cycle parameters are entered through a graphical interface 
within the model and/or the accompanying data spreadsheets. MEPAT uses Microsoft 
Excel © spreadsheet files to store and retrieve user-specified data. Appendix A contains 
in-depth illustrations of modules and functions within the tabs and as described in 
Chapters 4 and 5. 
 
 
 
 
Figure 3.1. Illustration of “Navigation Page” tab. 
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3.1  Material Movement 
The material movement sub-modules are accessed through the first seven of the 
nine tabs forming MEPAT. These sub-modules: “Reactor Order”, “Fuel Order”, “Reactor 
Demand”, “Fuel Demand”, “Lending”, “Material Flow”, and “Material Composition” are 
illustrated in Figures 3.2 through 3.10. The figures are screen captures of a broad view of 
the tabs. These illustrations are meant to provide an overview of the schema for the 
implementation of MEPAT with detailed illustrations contained in Appendix A. 
Figure 3.2 illustrates the “Reactor Order” sub-module.  The sub-module contains 
a box for selecting the option that governs the ordering of reactors. The sub-module also 
contains slider bars that may be used to set the constants used in the reactor ordering 
option. Information about reactor order option and the corresponding parameters are 
discussed in Chapter 4. 
Figure 3.3 illustrates the “Fuel Order” sub-module. Three parameters that pertain 
to fuel ordering, process capacity and lending are set on this sub-module. The parameters 
are the “capacity switch,” “uranium switch,” and the “lend switch.” The “capacity 
switch” lets the user decide if nuclear programs will have limited or unlimited process 
capacity. An unlimited process capacity setting allows a scenario to expand without 
restrictions from process capacities limits. The second parameter is the “uranium switch” 
with eight options: known conventional resources; undiscovered conventional resources; 
unconventional resources; known conventional and undiscovered resources; all 
resources; and unlimited resources. Uranium resource values are taken from the 
NEA/IAEA Red Book [23]. This parameter setting determines uranium resources 
available to nuclear program for use in fuel. The final parameter is the “lending switch” 
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with two options: to meet demand; and input in Excel.  This parameter allows the user to 
the choice of unrestricted borrowing between nuclear programs. The sub-module contains 
a hyperlink to the “Navigation Page” tab. The parameters set in the “Fuel Order” sub-
module are discussed in detail in Chapter 4. 
 
 
 
Figure 3.2. Illustration of the “Reactor Order” sub-module. 
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Figure 3.3. Illustration of the “Fuel Order” sub-module. 
 
 
Figure 3.4 illustrates the “Reactor Demand” sub-module in MEPAT. Part of the 
overall analysis related to the simulation of the reactor ordering and tracking of reactors 
in the system is carried out in this sub-module. For the selected reactor order option, and 
the associated parameters set in the “Reactor Order” sub-module, this sub-module 
calculates the reactor order for each nuclear program. The sub-module may calculate the 
total and nuclear energy demand as needed based on the reactor order option selected. 
This sub-module also tracks reactors that are under construction, being ordered and/or 
licensed, as well as reactors under operation or being decommissioned. The sub-module 
contains a hyperlink to the “Navigation Page” which links all modules. Chapter 4 
contains a detailed discussion of the calculations contained in this sub-module with 
supporting illustrations in Appendix A. 
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Figure 3.4. Illustration of the “Reactor Demand” sub-module. 
 
Figures 3.5 and 3.6 illustrate the “Fuel Demand” sub-module. Figure 3.5 
illustrates the section that determines the fuel need based on reactor ordering and input 
reactor parameters from the data spreadsheet. The portion of the sub-module in the first 
figure also simulates the electricity production based on reactor operation parameters. 
Figure 3.6 illustrates the process capacity simulation part of the sub-module for each 
nuclear program. Process capacity is dependent on the “uranium switch”, “capacity 
switch”, and “lending switch” parameters set in the “Fuel Order” sub-module as well as 
reactor parameters, such as availability and thermal efficiency that are made available 
through the data spreadsheet. 
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Figure 3.5. Partial illustration of the “Fuel Demand” sub-module. 
 
 
 
 
 
Figure 3.6. Partial illustration of the “Fuel Demand” sub-module. 
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 Figures 3.7 and 3.8 illustrate the “Lending” sub-module in the model.  Figure 3.7 
illustrates the user-input supply relationships, including both initial and perturbed supply 
relationships. Figure 3.8 shows the section of the sub-module that contains process 
capacity lending calculations. These calculations are used to determine if and how 
process capacity is lent between nuclear programs. Both figures for this sub-module are 
divided into parameters and calculations by nuclear program and process. Details of the 
methodology and supply relationships illustrated in these figures are given in Chapter 4 
with detailed illustrations contained in Appendix A. 
 
 
 
 
 
Figure 3.7. Partial illustration of the “Lending” sub-module. 
 
 32
 
 
 
 
Figure 3.8. Partial illustration of the “Lending” sub-module. 
 
 
Figure 3.9 illustrates the “Material Flow” sub-module, which tracks material 
quantity in each process for each nuclear program.  The sub-module tracks quantity by 
kiloton (kt) of the material and does not differentiate material by element or isotope. The 
sub-module is also used to track material losses in each process. Ownership, which may 
change due to process capacity lending, and location of all material is tracked and 
identified. In processes beyond conversion, an additional dimension of reactor type is 
added to material tracking. Details of the simulation methodology in this sub-module are 
in Chapter 4 with detailed illustrations given in Appendix A. 
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Figure 3.9.  Illustration of the “Material Flow” sub-module. 
 
 
 
Figure 3.10 illustrated the “Material Composition” sub-module. In this sub-
module, fuel composition information is imported from the relevant data spreadsheet that 
contains material fractions by element and isotope. This sub-module also accesses 
material composition from the “Material Flow” sub-module. Using relevant information 
from the data spreadsheet and other tabs, material flow by element and isotope is 
calculated in this sub-module. Chapter 4 provides a detailed discussion of the 
methodology employed while Appendix A contains detailed illustrations. 
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Figure 3.10. Illustration of the “Material Composition” sub-module. 
 
 
3.2 Nonproliferation 
The calculation of the proliferation measures is carried out in the 
“Nonproliferation” module. Figure 3.11 gives a partial illustration of the tab. The top 
portion shows the nuclear security measure for each nuclear program, which is the main 
output of this module. The lower portion shows the proliferation resistance measure for a 
single fuel cycle process. The nuclear security measure is a function of the proliferation 
resistance measure for each process. A detailed discussion of the module pertaining to 
nonproliferation is given in Chapter 5 with detailed illustrations contained in Section 2 of 
Appendix A. 
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Figure 3.11. Partial illustration of the “Nonproliferation” module. 
 
 
3.3 Economics 
Simulation of the economic measures is carried out in the “Economics” module. 
Figure 3.12 gives an illustration of the module. This module carries out the cost 
calculations based on material flow and cost and economic variables provided by the 
user. A detailed discussion of the methods employed in this module pertaining to 
economics is given in Chapter 5 with detailed illustrations contained in section 3 of 
Appendix A. 
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Figure 3.12.  Illustration of the “Economics” module. 
 
3.4 Input and Output Files 
The input file for MEPAT consists of a Microsoft Excel © spreadsheet divided 
into nine sheets: “Basic Parameters”, “Priorities”, “Material Movement”, “Reactors”, 
“Process Capacities”, “Perturbation”, “Fuel Composition”, “Nonproliferation” and 
“Economics”.  Section 4 of Appendix A contains illustrations of the input files. The 
“Basic Parameters” sheet contains single value parameters, parameters by reactor type 
and parameters by reactor type and nuclear program. Single value parameters include 
system characteristics such as the maximum annual reactor order rate; process times for 
mining and milling, conversion and fabrication; and process factors for mining and 
 37
milling, conversion and fabrication. Parameters specific to reactor type include 
enrichment process time, time for ordering, licensing and construction and fuel type. The 
fuel type allows the user to select which fuel type and in turn reactor type and its 
associated reactor parameters values (i.e. burnup, etc.). Parameters by reactor type and 
nuclear program include availability, reactor lifetime, 235U tails assay, and thermal 
efficiency. 
The “Priorities” sheet in the input file contains parameters by reactor type and 
nuclear program. In this sheet, the user selects the utilization priority of reactor type by 
nuclear program. The user also selects the priority of lending between nuclear programs 
for each fuel cycle process. The “Material Movement” sheet in the input file contains 
parameters by reactor type and nuclear program. In this sheet, the user defines the 
existence of supply relationships between nuclear programs and thus limits the simulation  
to only these supply relationships. The “Reactor” sheet in the input file contains 
parameters specified on an annual basis for the purpose of the simulation and assessment. 
These include parameters for the nuclear program as well as those for nuclear program 
and associated reactor type. For example, the user may specify the nuclear electricity 
demand annually by nuclear program. The user may also specify the quantity of reactors 
to order and installed reactors every year by nuclear program and reactor type. The 
“Process Capacity” sheet in the input file contains parameters annually by nuclear 
program and process. The user specifies the annual capacity for each process within each 
nuclear program.  
The “Perturbation” sheet in the input file contains input parameters for modeling 
of processes and nuclear programs when a deviation occurs from the initial values. In this 
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sheet, the user specifies a perturbation date and the perturbation values for select 
parameters involving lending priorities and supply relationships. The “Fuel Composition” 
sheet in the input file contains fuel type parameters that define material composition and 
reactor parameters including burnup, material time in reactor and reactor capacity. 
Parameters associated with the proliferation measures are specified in the 
“Nonproliferation” sheet in the input file. These parameters include attractiveness level, 
size/weight, measurement frequency, measurement uncertainty, separability, percent of 
process step with accounting procedures, probability of unidentified movement, physical 
barriers and fuel load type. The “Economics” sheet in the input file contains parameters 
by process defining cost.  
The output of the model is also written in a Microsoft Excel © spreadsheet 
divided into seven sheets. The sheets pertain to scenario information, reactor information, 
electricity generation, process material quantity, process material composition, 
economics and nonproliferation.  The general information sheet shows user-specified 
information concerning choice parameters set in the application as opposed to the data 
spreadsheet (i.e. reactor order option). The reactor information sheet contains the quantity 
of all operating reactors by program and reactor type for every year. Results for annual 
electricity generation by program and reactor type and annual cumulative electricity 
generated by nuclear program are written in the electricity generation sheet.  Information 
and results obtained for material quantity by location for each nuclear program are 
written in the process material sheet. For processes beyond conversion an additional 
dimension of reactor type is included. The sheet pertaining to process material 
composition gives material quantity by material group and isotope for each nuclear 
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program. The sheet pertaining to nonproliferation contains the nuclear security measure 
as well as the significant quantities for each nuclear program. Finally, the sheet pertaining 
to economics gives cost of mining and milling, and conversion for each nuclear program. 
The sheet also gives fuel fabrication, disposal reactor capital, reactor operations and 
maintenance, front-end, total reactor, total fuel cycle costs by nuclear program and 
reactor type. The sheet then gives the electricity generation and an annual cost of 
electricity.  Illustrations of the output files are contained in section 5 of Appendix A. 
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CHAPTER 4 MATERIAL MOVEMENT 
 
MEPAT has three modules, material movement, nonproliferation, and economics. 
This chapter describes the largest of these three, namely, material movement that covers 
the reactor order and demand, fuel order and demand, process capacity order and lending, 
material flow and composition, and system perturbation sub-modules. The first seven 
tabs of the nine in the Powersim application of MEPAT cover the input variables and 
calculations for these functions.  The reactor order and demand, fuel order and demand, 
process capacity order, and material flow and composition sub-modules contain 
straightforward calculations taken from nuclear engineering theory. These sub-modules 
are straightforward but key because they form the basis of fuel supply option analysis. 
The system perturbation sub-modules use logic to simulate interruptions due to non-
technical factors. The process capacity lending sub-module is original work of the 
dissertation that encompasses operations research and logic techniques to define material 
movement between nuclear programs. 
This chapter includes sections detailing priority allocation theory and logic, sub-
modules developed to simulate material flow, and a comparison of the results obtained 
using MEPAT against two sets of results reported in literature. Three indices characterize 
equations in this chapter: i indicates the nuclear program where material is located and 
from which process capacity is supplied; j indicates reactor type; and k indicates the 
owner of material and recipient of process capacity. A summary of the indices are listed 
in Table 4.1. 
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Table 4.1.Description of indices used. 
 
Index Description
i
Material Location           
Supplier
j Reactor Type
k
Owner,           
Recipient
 
 
4.1 Priority Allocation Methodology 
The details of the theory and techniques of priority logic that the material 
movement structure of MEPAT uses extensively are discussed in this section. A 
hierarchy is a set in which no one element is superior to itself and one element is superior 
to all others within the set. Let H be a finite, partially ordered set with largest element b. 
H is a hierarchy if it satisfies the following conditions [24], 
 
1there is a partition of H into sets , 1..., where { }.kL k h L b     ( 4.1) 
 
Assignment of priority to hierarchy level is defined if there exists a weighting function 
(priority) for each x   H as follows [24], 
 
: [0,1] such that ( ) 1.x
y x
w x w y

 x      ( 4.2) 
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Equation 4.2 defines the function wx giving priority to elements in a hierarchy level, with 
a condition that all priorities at a given level must sum to unity. Setting H = {100, 75, 33, 
15} it follows from Equation 4.1 that L1= {100} with the remaining elements divided into 
at least one set depending on the value of h. Equations 4.1 and 4.2 define a hierarchy 
level and priorities of the levels. The priority allocation functions used in this chapter 
divide the nuclear programs into a hierarchy and corresponding levels based on user input 
priorities. Resources for nuclear programs within the same hierarchy are weighted and 
normalized to unity by the number of elements in the level. 
 
4.2 Reactor Order and Demand 
This section details the reactor order sub-module. The options are selected from 
the user interface, on the “Reactor Order” tab, with subsequent information contained in a 
data spreadsheet. The number of reactors ordered and when they are ordered can be 
calculated in three different ways: based on projected electricity demand; based on user-
specified nuclear electricity capacity as a function of time; or based on explicitly 
specified nuclear reactor to be operational at specified times. A maximum annual order 
rate (also a user-specified input) provides an upper limit for the number of reactors to be 
ordered in a given year.  
The reactor order demand in the first option is determined by estimating the 
difference between the installed capacity and the electricity demand as a function of time. 
Electricity demand is estimated based on a logistic electricity growth function. The 
logistic function is used to calculate the nuclear electricity demand for each nuclear 
program i as follows,  
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where Ak (with  units of GWe) is the nuclear capacity desired at the inflection point, Bk is 
the desired year of the inflection point minus the time of construction, Ci  is the constant 
determining initial nuclear capacity,  and Dk(t) (GWe) is the calculated nuclear electricity 
demand, for the specified nuclear program k, and t is the discrete time in years from the 
start of the simulation. The choice of a logistic function is based on previous energy 
modeling research by University of Illinois researchers [25].  A nuclear electricity gap, 
Ek(t) (GWe), is calculated as the difference between the total nuclear electricity demand 
and total installed nuclear capacity at a time equal to the current time plus the 
construction time, for each nuclear program k. The annual quantity of reactors of type j 
needed to fulfill the electricity gap, Gk,j(t) (reactors), for each nuclear program i is 
calculated as follows, 
 
                             ,
( ) ( ) /
k j k j
G t E t F ,      ( 4.4 ) 
 
where Ek(t) (GWe) is the nuclear electricity gap of the specified nuclear program k and  
Fj (GWe/reactor) is the generation capacity for reactor type j.  The model orders reactors 
in the first timestep of the year during the simulation. To ensure discrete annual ordering 
of reactors Gk,j(t)   is multiplied by the timestep and a binary factor that equals one in the 
first timestep of the year during the simulation. For example, if ten reactors are needed 
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during a given year to fill the electricity gap and the timestep of the simulation is one 
month, the model will order ten reactors is the first month of the simulation instead of 
0.8333 reactors during each month of the given year in the simulation. This approach 
results in a k x j matrix, with each entry corresponding to the number of reactors of type j 
needed to fulfill the electricity gap of nuclear program k. The actual reactor order rate 
uses a priority allocation function, Mk,j (t). The allocation function uses a reactor priority 
matrix, PRX(k,j) , where the  k,jth entry of the function corresponds to the importance 
assigned to reactor type j by the nuclear program k. Entries with a larger integer value 
have higher priority when ordering reactors. The entries in the Nth row representing a 
single nuclear program are calculated as follows. The allocation to the nuclear program 
with the highest priority, Q= MAX(PRX(k,j) ), is calculated by,  
 
                 ,, Q , Q
( ) ( , ( ))MAX ik N j k N jM t MIN R G t      ,        ( 4.5) 
 
while subsequent entries with lower priorities, are calculated by, 
 
    ,, Q- , Q- , Q-( ) ( ( ) ,0), ( )MAX ik N j k N j k N jM t MIN MAX R M t G t         ,    
(4.6) 
 
where Gk,j (t)  is the number of reactors of type j to fulfill nuclear electricity gap of 
nuclear program k, and RMAX,k (reactors/yr) is the maximum number of reactors that may 
be ordered by program k in a single year.  
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The reactor demand in the second option is based on a user-specified annual 
demand for new electricity from nuclear power. This information is provided through the 
data spreadsheet.  The choice of this reactor order option bypasses the need to calculate 
the nuclear electricity demand, Di(t) (GWe), for the specified nuclear program i,  using 
equation 4.1. Reactor orders are calculated using Equations 4.2 through 4.4 using the 
functions previously discussed. 
Annual reactor order rate by reactor type is specified explicitly for each program 
by the user in the third option. The choice of this reactor order option bypasses the need 
to calculate the number of reactors of type j, Gi,j(t) (reactors),  needed to fulfill the 
nuclear electricity gap for each nuclear program i as necessary in options 1 and 2. The 
reactor order rate is simply defined using the priority allocation function, Mi,j(t), as 
previously discussed in equations 4.5 and 4.6.  
4.3 Fuel Demand 
Fuel demand for each nuclear program depends on the number and type of 
reactors ordered and in operation. Reactor ordering and operation for each nuclear 
program and reactor parameters form the calculation of fuel demand. The fuel demand 
function is a straightforward nuclear engineering calculation. From relevant information, 
a heavy metal demand Ek,j(t) (metric ton heavy metal, MTHM/yr) is calculated as 
follows, 
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where Ak,j(t) (GWe/yr) is the installed reactor capacity shifted by a time factor, Bk,j(t) is 
the ratio of annual electricity generation and capacity, Ck,j (GWe/GWth) is the thermal 
efficiency, Dk,j (GWd/MTHM) ) is the burnup for the specified nuclear program k and 
reactor type j. The time factor used to shift the installed reactor capacity is equal to the 
construction time minus the front-end fuel cycle process time. A material factor defines 
the ratio of product uranium to feed uranium as follows, 
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where xp(k,j) is the desired product uranium enrichment, xf(k,j)  is the feed uranium 
enrichment, and xt(k,j) is the uranium tails assay enrichment for nuclear program k and 
reactor type j. A natural uranium demand, Fk,j(t) (kt/yr), is defined as follows,  
 
,
, ,
k j
k j k j
FF E
P
     .    ( 4.9) 
 
The natural uranium demand determines the initial process capacity demand for the 
mining and milling process, which is a primary component in lending calculations as 
discussed in the next section. 
4.4 Process Capacities and Lending 
Capacity is set for all fuel cycle processes, with the exception of the reactor 
process, which uses reactor capacity, using two options specified by the user on the “Fuel 
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Order” sub-module. The first option sets unlimited process capacity throughout all 
processes and programs, while the second option sets the annual process capacity based 
on user-specified input provided through the data spreadsheet.  Process capacity for 
enrichment uses the units of kSWU/yr while all others use kt/yr. 
Demand for fuel through reactor ordering may not coincide with available process 
capacity. The model calculates the shortfall or excess process capacity and allows lending 
between programs to alleviate differences. Excess capacity of a supplying nuclear 
program can be lent to a receiving nuclear program to process its material. There are two 
mechanisms for capacity lending on the “Fuel Order” tab of the model. The first 
mechanism allows lending to meet demand as calculated by the model and the second 
allows lending up to a specified maximum quantity between nuclear programs. Two sets 
of matrices control the capacity lending mechanisms defining the relationship and 
quantity of material flow. The data spreadsheet contains the matrices, which are two sets 
of matrices containing m matrices each, where m is the number of processes. Each matrix 
in the sets is a square n x n matrix were n is the number of nuclear programs.  
The first set of the matrices specifies if a supply relationship exists between 
programs. The entries are binary in value, where a unitary entry indicates that a supply 
relationship exists between the nuclear programs. BINPROC(i,k) denotes a single matrix in 
the set representing a fuel cycle process and supply relationships between nuclear 
programs i and k.   
The second set of the matrices specifies the maximum quantity of process 
capacity available for lending. NUMPROC(i,k) denotes a single matrix in the set representing 
a fuel cycle and the maximum process quantity allowed for borrowing between nuclear 
 48
programs i and k. In both matrix sets, the nuclear program specified in the row acts as the 
supplier with the nuclear program specified in the column as a receiver.   
Capacity for borrowing from a nuclear program depends on the existence of a 
supply relationship, the quantity of process capacity allowed for lending, and the priority 
allocation functions. The two primary calculations for each process are the determination 
of inflow for the current process, and the determination of outflow from the previous 
process. These two calculations are executed on the “Lending” tab of MEPAT. 
4.4.1 Process Inflow Calculation 
This subsection describes the calculation of process inflow. The ideal outflow is 
the outflow in the absence of constraints on capacity of the following process and equals 
the process inflow of the preceding process delayed by the preceding process time. The 
ideal outflow of the previous process specifies current process capacity demand, which is 
defined by nuclear program ownership as follows,  
 
,
1
( ) ( )
n
k i
i
kB t A

 t ,              ( 4.10) 
 
where Ai,k(t)  is the ideal outflow of the previous process with i as the nuclear program 
supplying process capacity, and nuclear program k as the recipient of process capacity. 
Two different priority allocation functions are modeled to distribute excess process 
capacity based on process capacity demand and supply relationships using a priority 
matrix PRPROC(i,j). The priority matrix denotes order of preference in lending between 
nuclear programs in which i is the supplying and k is the receiving nuclear program for 
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the process. The actual process capacity inflow is a minimization of the two priority 
allocation functions  
The process capacity in the first priority allocation function is distributed as a 
function of process capacity demand and priority relationships for the Nth nuclear 
program as follows. The allocation to the nuclear program with the highest priority,      
Q= MAX( PRPROC( i=N,k) ), is calculated by,  
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while subsequent entries with lower priorities are calculated by, 
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The second priority allocation function distributes process capacity demand as a 
function of process capacity and priority relationships, for the Nth nuclear program as 
follows. The allocation to the nuclear program with the highest priority,                        
Q= MAX(PRPROC(k=N,i) ), is calculated by, 
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 while subsequent entries with lower priorities are calculated by, 
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where Bk(t) (kt/yr) is the process capacity demand for the nuclear program k, Ci(t) (kt/yr) 
is the process capacity for the nuclear program i and NUMPROC(i,k) is the maximum 
quantity allowed for borrowing between nuclear programs i and k (see equations 4.11 
through 4.14).  The actual process capacity inflow is a minimization of the two priority 
allocation functions as follows, 
 
 1 1*, ,( ) ( ), ( )i k i k k iE t MIN D t D t ,  ,         ( 4.15) 
 
where i is the nuclear program that owns the material and receives capacity to process the 
material from nuclear program k where the material is located. The use of the first 
process capacity lending mechanism sets NUMPROC(i,k), the maximum quantity allowed 
for borrowing between nuclear program i and k, to a large quantity so that capacity 
lending is based solely on demand. The use of the second priority allocation function is 
necessary so that process capacity is not over allocated due to the independence of rows 
in the first function. The resulting i x k matrix is then multiplied by the supply 
relationship matrix BINPROC(i,k) to assure that capacity is not borrowed between nuclear 
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programs without a supply relationship, and results in the actual inflow of the process as 
follows, 
 
, ,* ( ) ( )i k i k PROC i kE t E t BIN ( , )    ( 4.16) 
 
4.4.2 Process Outflow Calculation 
Calculation of process outflow depends on the inflow of the following process 
and priorities relationships in the fuel cycle. Gi(t) defines the current process outflow by 
ownership as follows, 
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where E*i,k (t) is the inflow of the following process. Inflow of the following process 
must equal outflow of the preceding process and forms the basis of the dual priority 
allocation functions, denoted by D2 and D2*, determining current process outflow by 
ownership and location. The first priority allocation function distributes ideal current 
process outflow by ownership based on actual current process outflow by ownership, 
determined by following process inflow by ownership, and priority relationships. The 
allocation to the nuclear program with the highest  priority, Q= MAX( PRPROC(i=N,k) ), is 
calculated by, 
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while subsequent entries with lower priorities are calculated by, 
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where A*i=N,k(t) is the ideal process outflow from nuclear program N with nuclear 
program k as the material owner and recipient, and Gk(t) (kt/yr) is the current process 
outflow for material owned by nuclear program k. Equation 4.18 allocates the minimum 
of the ideal process outflow from the Nth nuclear program, and the actual process outflow 
for the nuclear program it supplies with the highest priority for the current process. 
Equation 4.19 allocates material outflow from the Nth nuclear program for lower priority 
nuclear programs while adjusting for capacity allocated to higher priority nuclear 
programs. 
The second priority allocation function is as follows. The allocation to the nuclear 
program with the highest priority, Q= MAX(PRPROCk=N,i), is calculated by, 
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while subsequent entries with lower priorities are calculated by, 
 
 53
 2*2* , ,
,
* ( ) ( ), 0
( )
( )
k N Q i N k Q
k N i Q
k N
MAX A t D t
D t MIN
G t
   
  

  
,
    .   ( 4.21) 
 
where A*k=N,i (t) is the current process outflow from nuclear program N with nuclear 
program i as the material owner and recipient, and Gk(t) (kt/yr) is the current process 
outflow for material owned by nuclear program k. The actual previous process outflow is 
a minimization of the two priority allocation functions as follows, 
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where k is the nuclear program that owns the material and receives capacity to process 
the material from nuclear program i where the material is located. 
 
4.5 Material Flow  
 
The model for the material flow is based on the rate equations, built in the 
“Material Flow” sub-module of the model, which tracks the accumulation of material 
using flow rates as calculated in the “Lending” sub-module. Material accumulation in a 
process is defined by the following equation,  
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 where Ai,k(t) is the process inflow rate (kt/yr), Bi,k(t) is the process outflow rate (kt/yr), 
and Ci,k(t) is the material quantity in the process (kt). Both variables are n square 
matrices, where n is the number of nuclear programs.  The rows represent location of the 
material, and the columns represent material ownership. A numerical entry located in the 
ith row and kth column represents material located in nuclear program i and owned by 
nuclear program j. The total material quantity in each process is divided into location and 
ownership as follows, 
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where Ci,k(t) (kt)is the material quantity in the process, Dk(t) (kt) is the material quantity 
by ownership and Ei(t) (kt) is the material quantity by location.  Material outflow from a 
process is determined by the inflow into the process that follows as described in the 
previous section. The material movement function may also track “process loss” using a 
material conversion factor between processes. This process loss factor is set in the data 
spreadsheet for each process. The process of enrichment has a dedicated material 
conversion factor, which is the feed to product factor and a stock accumulating 
enrichment tails. 
4.6 System Perturbation  
A system perturbation feature is modeled to allow changes to be made to 
parameters that define supply relationships between nuclear programs. The parameters 
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that may be perturbed are the process capacity lending priority ( PRPROC (i,k) ), the 
maximum quantity available for process lending between programs ( NUMPROC (i,k) ), and 
process supply relationships ( BINPROC (i,k) ). All parameters available for system 
perturbation are previously discussed in Section 4.3.  
These perturbed parameter values, as well as the time the perturbation is to take 
effect, are user-specified inputs, via the data spreadsheet. The perturbation date specifies 
when the altered parameters values enter into effect. The value of the “perturbation date”  
variable is zero until the perturbation date is reached and unitary beyond.  A simple 
conditional logic function determines the use of the perturbation or original values as 
follows, 
 
, , ,( 1),perturb i k i kIf SWITCH then B else C ,   ( 4.25) 
 
where SWITCHperturb  is the variable designating the time of perturbation in relation to the 
simulation time, Bi,k  is the original parameter value and Ci,k  is the perturbed parameter 
value. The inclusion of additional parameters for perturbation and the addition of 
multiple perturbation dates are straightforward but nontrivial. Additional parameters 
warrant the insertion of conditional logic statements to determine when perturbed values 
go into effect. Additional perturbation dates warrant the inclusion of additional switches 
to determine values of the corresponding variables. Both actions call for the creation of 
perturbation variables in the model and their corresponding linkage to the data 
spreadsheet. 
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4.7 Material Specification 
Material in the fuel cycle processes are divided into four material groups; 
uranium, plutonium, minor actinides, and fission products. The first three material groups 
are further divided into comprising isotopes. The isotopes represented in the uranium 
material group include uranium-230 through 241. The isotopes represented in the 
plutonium material group are plutonium-236 through 246. The isotopes represented in the 
minor actinide material group are thorium-228 through 230 and 232, protactinium-231, 
neptunium-237, americium-241 through 243, curium-242 through 248 and curium-250 
and a group representing other minor actinides not listed explicitly. The fission products 
include all other isotopes not explicitly stated in another group including tritium and 
carbon-14.  
Quantity of material in the processes is dependent on reactor, fuel ordering and 
demand as discussed in previous sections of this chapter. The composition of material in 
the mining/milling and conversion processes is derived from natural uranium ore 
composition. The composition of material in the enrichment and fuel fabrication process 
is based on the process parameters including tails assay and enrichment. The composition 
of material in the reactor and disposal process is based on the reactor type selected as 
well as supporting isotopic calculation, and is discussed in detail below. It is assumed that 
material in a process retains its inflow composition until it flows into the next process. 
Given this assumption, material in enrichment is assumed to be in its feed form of natural 
uranium until it flows into fuel fabrication where it is tracked as enriched uranium. It is 
noted that given this assumption, front-end and reactor process consist exclusively of 
uranium materials. 
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The composition of reactor and disposal material inflow is calculated based on the 
type of reactor used and its corresponding reactor parameters. The fuel composition is 
user-specified in the data spreadsheet, which contains the fuel composition number, the 
fuel type, reactor burnup, and capacity.  It also gives the fresh fuel composition, where 
the time-in-reactor equals zero, and the composition at discharge, where the time-in-
reactor varies by reactor type. Appendix B gives the four material groups and their 
isotopic composition by weight for the fresh and spent fuel. For each process, 
composition is calculated for each material group and their corresponding isotopes. For 
the reactor process, material group composition Ai,j(t) (kt) is calculated as follows, 
 
, ( ) ( )*i l i lA t B t C ,    ( 4.26) 
 
where Bi(t) is the total material for nuclear program i and Cl is the weight fraction for the 
material group l. Uranium isotopic composition, plutonium isotopic composition  and 
minor actinide isotopic composition  are calculated in a similar manner.  This process is 
repeated for all other processes in the fuel cycle using the appropriate material fractions. 
Fuel discharge compositions are calculated using ORIGEN-ARP for a light water 
reactor and for a heavy water reactor for five fuel compositions. The design basis for the 
light water reactor is the Westinghouse pressurized water reactor with a 17 x 17 fuel 
assembly. The light water reactor fuel compositions assumed a low, medium and high 
burnup of 33, 50 and 65 GWd/MTHM, respectively. The thermal efficiency is 33% and 
the availability is 90% for all Westinghouse fuel compositions. The fuel residence time is 
five years over three cycles of 18 months of operation and 2 months of downtime. Two 
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reactor designs were used for the heavy water reactor type.  The first being the CANDU 
with a 37-element bundle and the second being the CANDU with a 28-element bundle. 
The heavy-water reactor fuel compositions assumed a burnup of 7.9 and 8.5 
GWd/MTHM, respectively for the 37 and 28-element bundle CANDU reactor designs. 
The thermal efficiency is 33% and the availability is 90% for all CANDU fuel 
compositions. The fuel residence time is a total of 226 and 324 days for the 37-element 
type and 28-element CANDU reactors, respectively. For ease of use in the model, heavy-
water reactor fuel compositions are modified to use an annual output with the difference 
between fuel residence time modeled as decay. Fuel compositions are listed as a fraction 
of total material output.  
 
4.8 Material Flow and Composition Comparison 
The material flow in MEPAT is compared to a nuclear fuel cycle study and to a 
material flow model for validation. The nuclear fuel cycle study was conducted by the 
Massachusetts Institute of Technology [9, 10]. The nuclear fuel cycle model was 
developed by the International Atomic Energy Agency and is the result of a working 
group stemming from the international symposium on Nuclear Fuel Cycle and Reactor 
Strategies: Adjusting to New Realties [8]. The reactor parameters used in the two studies 
are listed in Table 4.2, and include the nuclear power, thermal efficiency, load factor, 
enrichment tails assay, discharge burnup and initial fuel enrichment.  These parameters 
are used in MEPAT to calculate and compare the annual requirements for a light-water 
reactor using the three approaches. 
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Table 4.2 Parameters for low burnup material flow comparison. 
 
Parameter Value
Nuclear Power (GWe) 1500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Enrichment Tails Assay (%) 0.30
Discharge Burnup (GWd/MTHM) 50, 100
Initial Enrichment 4.51  
 
The material flow comparison results for a low burnup value of 50 GWd/MTHM 
and high burnup value of 100 GWd/MTHM are given in Table 4.3. The requirements 
calculated include natural uranium, conversion, uranium fuel requirements and spent fuel 
discharged in metric tons of heavy metal and the enrichment service requirement in 
kSWU. The MIT study does not give results for conversion and enrichment service 
requirements. The VISTA model only gives results for the lower burnup value. The 
material flow values of MEPAT are within 1-2% of the requirements reported for the 
VISTA approach for the low burnup case and are exactly equal to the requirements 
estimated by the MIT study for both burnup cases. The difference in the low burnup 
value requirement in comparison to the VISTA model is unknown but believed to arise 
from a difference in material flow calculation methods used.   
 
Table 4.3. Results for material flow comparison [8]. 
 
Material Flow and Requirements
50 GWd/MTHM  MEPAT MIT VISTA
Natural U Requirements (MTHM) 306191 306191 305902
Conversion Requirements (MTHM) 306191 n/a 305902
Enrichment Service Requirements (kSWU) 186871 n/a 186642
Uranium Fuel Requirements (MTHM) 29864 29864 29864
Spent Fuel Discharge (MTHM) 29864 29864 29864
100 GWd/MTHM MEPAT MIT
Natural U Requirements (MTHM) 321447 321447
Conversion Requirements (MTHM) 321447 n/a
Enrichment Service Requirements (kSWU) 231911 n/a
Uranium Fuel Requirements (MTHM) 14932 14932
Spent Fuel Discharge (MTHM) 14932 14932  
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The material composition comparison results for the low burnup value of 50 
GWd/MTHM are given in Table 4.4.  Due to the ORIGEN-ARP burnup limit of 70.5 
GWd/MTHM the higher burnup case could not be compared. The weight composition is 
given for four material groups: uranium, plutonium, minor actinide and fission products. 
The material composition values of the model described in this chapter vary by up to 
11% compared to the values reported in Ref 9. The differences in the compositions are 
due to the different methods of isotopic burnup calculations. The MIT is based on 
simulations carried out using the MCNP-ORIGEN Depletion (MCODE) program 
developed at MIT specifically for discerning isotopic composition at high burnup in order 
to optimize fuel in pressurized-water reactors [26]. The option to specify distinct fuel 
compositions, including those derived from alternate sources, will reduce the difference 
between the two results. 
 
Table 4.4. Results for material composition comparison [9]. 
 
50 GWd/MTHM  MEPAT MIT
Uranium 93.50 93.40
Plutonium 1.19 1.33
Minor Actinides 0.13 0.12
Fission Products 5.19 5.15
Material Composition (wt %)
Spent Fuel Discharge 29864 (MTHM)
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CHAPTER 5  NONPROLIFERATION AND ECONOMICS 
 
This chapter describes the nonproliferation and economics modules in two 
sections. The nonproliferation module is further divided into seven sub-modules, 
pertaining to one total cumulative and six process proliferation resistance measures. The 
economics module totals annual process costs and levelized electricity cost. It also 
contains economic information input from the data spreadsheet. Sections 2 and 3 of 
Appendix A contain illustrations of the specific functions discussed in this chapter. 
5.1 Nonproliferation  
As discussed in Chapter 2, Charlton et al developed a proliferation resistance 
assessment methodology [11]. Since quantification of nuclear proliferation is highly 
subjective, Charlton et al limit the methodology to three widely agreed upon 
characteristics that increase proliferation resistance:  the reduction of special nuclear 
material quantities; the avoidance of separated special nuclear material streams; and 
material and process design that increases safeguards such as material accountancy and 
surveillance.  Current work builds on the methodology developed by the Charlton et al 
and incorporates the extended model in the evaluation of the nonproliferation measure. 
Subsections below describe each attribute as well as the modifications to the attributes. 
The methodology adopted by Charlton et al tracks a specified mass throughout the 
system. A “nuclear security measure”, (NS), is calculated at specified times in the nuclear 
system under analysis.  Systems are user defined and can range from a lone process 
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facility to a multi-facility nuclear fuel cycle system with process ranging from uranium 
milling to disposal.   
The proliferation methodology set forth by Charlton et al defines a “nuclear 
security measure” as [11], 
    
1
1
I
i i i
i
I
i i
i
m t PR
NS
m t






 ,                   ( 5.1) 
 
where mi is the amount of material in significant quantities (SQ), Δti is the time the 
material is in the process i at the static proliferation resistance measure , PRi , for process 
i.  (Note that the indices used in this chapter do not refer to the indices previously defined 
in Chapter 4.) The use of significant quantities is as defined by the IAEA. The use of SQs 
as a mass measure normalizes between different material streams. The dynamic 
simulation developed in this research leads to the use of a slightly different nuclear 
security measure as follows, 
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where mi(t) is the time dependent amount of material in significant quantities and PRi(t) 
is the time dependent proliferation resistance measure. The proliferation resistance 
measure is defined in terms of various attributes as [11],  
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where wj is the weight for attribute j, uj is the utility function for attribute j and xi,j is the 
input value for the utility function for attribute j in process i. The fourteen attributes along 
with their weights and qualitative measures are listed in Table 5.1.  Initial attribute 
weights are chosen from a compilation of a survey of authorities in various fields of 
nuclear safeguards and security. As discussed previously in chapter 2, Charlton et al 
implement the methodology for single facility systems before extending the methodology 
to systems with multiple processes. The methodology developed by Charlton et al 
implemented in its reported form with certain attributes modified to take into 
consideration the detailed material composition information available in the current 
model. A qualitative comparison between proliferation measures for a once-through fuel 
cycle system is made between MEPAT and the published research results. 
 
5.1.1 Attractiveness Level Measures 
The DOE Manual for Control and Accountability of Nuclear Materials defines 
material attractiveness levels [21].  Attractiveness is measured by the quality of material 
for usage in weapons. The highest attractiveness level is A which represents assembled 
weapons and is not included in the nuclear fuel cycle. The descending levels are: B for 
pure products such as pits and directly convertible materials; C for high grade materials 
such as fuel elements and solution with enrichments exceeding 50%; D for low grade 
materials such as moderately enriched uranium hexafluoride with enrichments between 
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20 and 50% ; and E for all other materials.  Table 5.2 gives the discrete utility values for 
attractiveness levels B through E and categories I through IV as determined by mass. 
Attractiveness levels are specified by the user-input through the data spreadsheet. The 
model assesses the mass of the relevant isotopes to determine a category. The model then 
assigns discrete utility values based on the attractiveness level and category given in 
Table 5.3. 
 
 
Table 5.1.Measures, Attributes and Weights for Nonproliferation Assessment Methodology [11]. 
 
Attractiveness Level 1 DOE Attractiveness Level 0.10
2 Heating Rate 0.05
3 Weight Fraction of Even Pu 0.06
Concentration 4 Concentration (SQs/t) 0.10
Handling Requirements 5 Radiation Dose Rate 0.08
6 Size/Weight 0.06
Accounting System 7 Freq of measurement 0.09
8 Measurement Uncertainty 0.10
9 Separability 0.03
10 % of Acct Processing Step 0.05
Accessibility 11 Prob of Unidentified Movement 0.07
12 Physical barriers 0.10
13 Inventory (SQs) 0.05
14 Fuel Load Type 0.06
WeightMeasure Attribute
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Table 5.2. DOE Attractiveness Level and Categories from DOE M474.1-1 [11]. 
 
Attractiveness I II III IV
Weapons A 
All        
[All]
N/A       
[N/A]
N/A       
[N/A]
N/A       
[N/A]
Pure Products B
≥2        
[≥5]
≥0.4 <2    
[≥1 <5]
≥0.2 <0.4  
[≥1 <5]
<0.2      
[<0.4]
High-grade materials C
≥6        
[≥20]
≥2 <6     
[≥6 <20]
≥0.4 <2    
[≥2 <6]
<0.4      
[<2]
Low-grade materials D
N/A       
[N/A]
≥16       
[≥50]
≥3 <16    
[≥8 <50]
<3        
[<8]
All other materials E
N/A       
[N/A]
N/A       
[N/A]
N/A       
[N/A]
All        
[All]
Pu/233UCategory [ 235U Category]
(kg)
 
 
 
Table 5.3. Utility Function with Discrete Values for DOE Attractiveness Levels and Categories [11]. 
 
I II III IV
0.00 0.05 0.10 0.15
0.15 0.25 0.35 0.45
N/A 0.40 0.65 0.90
N/A N/A N/A 1.00
C
D
E
Category
Attractiveness
B
 
 
The second material attractiveness attribute captures the theft deterrent and 
difficulty in machining an explosive device due to a high heat dissipation rate. The utility 
function for this attribute is [11], 
 
2
0.8
2 2 2
2
2,max
1 0
( )
1 exp 3 0
if x
u x x if x
x
               
,    ( 5.4) 
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where x2 (W/kg) is the heating rate of the plutonium and x2,max is a maximum plausible 
heat rate set to 570 W/kg for plutonium-238. The attribute function is modified in the 
current work by setting x2 equal to the heating rate from the uranium and minor actinide 
material as well as the plutonium material. The maximum possible heat rate remains at 
the initial value of 570 W/kg.  
The third material attractiveness attribute captures the deterrent and difficulty of 
handling for material composed of high spontaneous fission isotopes. High spontaneous 
fission rates are found in the plutonium isotopes with even atomic numbers such as 
plutonium-240. The utility function for this attribute is [11], 
 
 
3
3 3 1.8
3
1
( )
1 exp 3.5 ,
if x undefined
u x
x otherwise
      
,   ( 5.5) 
 
where x3 is the mass fraction of plutonium isotopes with even atomic numbers to total 
plutonium isotopes.  A modified attribute function is used in the current model by setting 
x3 equal to the ratio of isotopes exceeding a defined material property threshold to their 
total element weight. The threshold was determined based on the spontaneous fission 
branch ratios of even atomic numbered isotopes of plutonium. For example, the 244 and 
242 isotopes of plutonium have spontaneous fission branch ratios of 0.12% and 
0.00055%, respectively. The 238 isotope of plutonium has two metastates at 2.4 and 3.5 
MeV with 100% spontaneous fission decay. The 240 isotope of plutonium has a 
metastate at 2.8 MeV with 100% spontaneous fission decay. All other isotopes 
specifically tracked in the material composition of the model exceeding a spontaneous 
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fission branch ratio of 0.00055% were included in the numerator for the modified x3. 
These isotopes include the original even atomic number isotopes of plutonium (238, 240, 
242, and 244), as well as thorium 230 and curium 242, 244, 246, 248, and 250. The 
denominator of x3 includes the weight of plutonium, thorium and curium elements. 
5.1.2 Concentration and Handling Requirement Measures 
A continuous utility function is used for the concentration attribute. Concentration 
is defined as the ratio of SQs per unit tonne in the process. The utility function is defined 
as [11],  
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4 4 4
4
4,max
1, 0.01,
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exp 2.5 0.01,
if x
u x x if x
x
              
  ( 5.6) 
 
where x4 (SQ/t) is the concentration of the material and x4,max is the maximum 
concentration constant of 125 SQ/t based on pure plutonium metal. This attribute is not 
modified and is used as reported by Charlton et al [11]. 
Deterrence introduced by the handling requirement is divided into two attributes 
pertaining to dose rate and material quantity. The first handling requirement attribute 
captures the theft deterrent introduced by the dose rate. The utility function for this 
attribute is [11], 
 
 68
55 5
5 5 5 5
5 5
5
0, 0.2
0.0520833 0.010416, 0.2 5
( ) 0.0035714 0.232143, 5 75
0.00095238 0.428571, 75 600
1, 600
if x
x if
u x x if x
x if
if x
  x
x
        

  , ( 5.7) 
 
where x5 (rem/hr-SQ) is the dose rate of the plutonium material. The attribute function is 
modified in the model by setting x5 equal to the radiation dose rate from uranium and 
minor actinides as well as plutonium material, achieved by calculating dose rate as a 
function of mass.  
The dose rate due to the additional material is calculated as follows. The 
calculation of the dose rate follows the same assumption of initial dose rate calculation as 
set forth by Charlton et al [11]. The photon intensity rate, S (MeV/s) is given by, 
 
S AE      ( 5.8) 
 
where A (s-1) is the activity and E (MeV) is the photon energy. The photon exposure is 
then calculated using a photon line source approximation as follows, 
 
1 1( ) tan tan
4
S lx l
x x x
 
              
 ,            ( 5.9) 
 
where S (MeV/s) is the photon intensity rate, x (m) is the distance from the source and l 
(m) is half the length of the line source [27]. It is assumed that the photons are moving in 
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air impinging on a 70 kg person at a distance of 1 m from a 0.5 m length line source.  It is 
also assumed that imparted energy to the mass equals the exposure leading to the 
calculation of dose equivalent rate, H
 
, as follows, 
 
( )x
H CQ
m
 
  ,   ( 5.10) 
 
where C is a conversion factor (5.77 x10-12 MeV/kg-s to rad/hr), Q is the quality factor of 
radiation (rem/rad), which is one for gamma rays, and ∆m is equal to the 70 kg reference 
mass [11, 28]. The dose equivalent rate is divided by the amount of significant quantities 
in the process to define x5 (rem/hr-SQ). 
The second handling requirement attribute captures the theft deterrent introduced 
by large quantity of material. If a process uses material that is light weight, there is an 
ease of portability encouraging theft. The utility function for this attribute is [11], 
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u x
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   
   ( 5.11) 
 
where a “yes” entry corresponds to a unit weight larger than 200 lb or volume greater 
than 2 ft3. This attribute is not modified and is used as reported by Charlton et al [11]. 
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5.1.3 Accounting System Measures 
Four attributes take into consideration proliferation deterrence potential of 
accounting systems. The first accounting system attribute is measurement frequency, 
which uses a discrete utility function. The function assigns a value to the frequency of 
material measurement in an individual process. The measurement frequency selections 
available are never, annually, quarterly, monthly, weekly, daily, and continuously. The 
able 5.4. This attribute incorporates the 
increased proliferation risk from long time spans between material accountancy.   
 
Table 5.4. Measurement Function Utility Function [11]. 
 
corresponding attribute values are listed in T
Measurement 
Frequency, x7
Utility Function        
u7 Value
Continuous 1
Hourly 0.95
Daily 0.85
Weekly 0.75
Monthly 0.5
Annually 0.1
Quaterly 0.25
Never 0  
The second accounting system attribute is measurement uncertainty, x8 (SQ/yr) 
which uses a continuous utility function as follows [11],   
 
 
8
8 8
8 8
0, 1
1 , 1
if x
x if x
 ( )u x    
 
 .      ( 5.12) 
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The third accounting system attribute incorporates the likelihood of proliferation 
due to ease of separability of material for weapons use.  The attribute uses a discrete 
utility function,  with qualitative aspects specified by the user. These are: plutonium 
and/or highly enriched uranium metal solids; separated plutonium and/or highly enriched 
uranium ixed plutonium solutions containing minor actinides, uranium and/or 
uranium solutions; solid fuels without structural 
material; and solid fuels with structural materials. The corresponding utility values for 
this attribute are given in Table 5.5.  
 
Table 5.5. Fuel Form Utility Function [11]. 
 
 solutions; m
fission products and low enriched 
Fuel Form x9
Utility Function    
u9 Value
Pu/HEU Metal Solid 0.00
Separated Pu/HEU solution 0.20
Mixed Pu Solution 0.50
Solid fuel (w/o structural materials) 0.75
Solid fuel (w/ structural materials) 1.00  
 
he fourth accounting system attribute takes into account if items are accounted 
during the process.  The utility function variable, x10, a user-specified input,  is the 
percentage of steps in the process that use item accounting and the function is as follows 
[11], 
 
T
 10 10 10( )u x x .    ( 5.13) 3
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Frequent material measurement, low measurement uncertainty and the practice of 
item accountancy increase the probability of detection of material loss in a given time 
span. The increased risk of detection serves as a deterrent to theft or diversion of 
material. Ease of separability also acts as a deterrent by decreasing the attractiveness of 
material to potential thieves and diverters. 
ificant quantity of material within a process. A rather subjective user-specified  
variable that takes into account the impact of surveillance equipment including video, 
metal and radiation detectors. This attribute uses a continuous utility function as follows 
[11], 
 
5.1.4 Accessibility Measures 
There are four accessibility attributes that contribute to the nonproliferation 
measure. The first accessibility attribute pertains to the unidentified movement within a 
process. The utility function variable, x11, is the probability of unidentified movement of 
a sign
 11 11 11( ) tanh 4 12 2u x x
1 1      .     ( 5.14) 
The second accessibility attribute takes into account the ease of physical access to  
the material in the system on the nonproliferation measure. This attribute uses a discrete 
utility function that assigns a subjective numerical value to the impact of the physical 
barriers to the process. The input values available are: inaccessible, canyon, vault, secure, 
remote, and hands-on, with the corresponding utility function values listed in Table 5.6.  
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 Table 5.6. Physical Barrier Utility Function [11]. 
 
Physical Barriers x12
Utility Function         
u12 Value
Inaccessible 1.00
Canyon 0.90
Vault 0.75
Secure 0.50
Remote 0.25
Hands-on 0.00  
 
The third accounting system attribute is related to the quantity of desirable 
material in a process and uses a continuous utility function. The utility function input, x13 
(SQ), is the number of significant quantities in the process, and the utility function is as 
follows [11], 
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  ( 5.15) 
 
The fourth accessibility attribute is dependent on the loading type for the process. 
The attribute uses a binary discrete utility function using qualitative inputs [11].  A 
process using continuous loading is assigned a zero value while batch loading receives a 
unitary value as shown in Equation 5.16. 
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   
          ( 5.16) 
 
5.1.5 Analysis of Proliferation Resistance Measures 
A validation study was carried out by calculating the proliferation resistance 
measure using MEPAT and results reported in the literature. The proliferation resistance 
measure as defined in equation 5.3 is compared at specific static times for each process in 
the system. Results are reported in Ref. 11 for a once-through nuclear fuel cycle system, 
including mining and milling, conversion, enrichment, fuel fabrication, reactors, disposal 
as well as dry cask and wet fuel storage in between processes. The material flow scheme 
for the nuclear fuel cycle system analyzed in Ref. 11 is illustrated in Figure 5.1. In 
MEPAT, a once through fuel cycle is used but omits all dry cask and wet fuel storage as 
used in Ref. 11. Both studies for the proliferation measures use an input of one metric ton 
of natural uranium into the mining and milling process and comparable process times. 
The exact values for most of the utility attribute input values used in Ref. 11 are not 
known. This lack of data limits the validation study to a qualitative comparison only. 
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Figure 5.1. Illustration of the nuclear fuel cycle system material flow from the published literature [10]. 
 
 
Eight of the fourteen attributes are unrelated to the material composition. This 
gives the proliferation measure a base-level value related to the non-material attributes. 
As the material is introduced to the system, the six material based attributes (DOE 
attractiveness level, heating rate, weight fraction, concentration, radiation dose rate, and 
inventory) contribute to the proliferation resistance value. The attributes with the highest 
weight values, equaling 0.10, are DOE attractiveness level, measurement uncertainty 
(SQ/yr), concentration (SQ/t), and physical barriers. They have the most effect on the 
resulting measure.  Using the same input material in a similar system should give rise to 
comparable changes on top of the base-level value due to material related attributes.  The 
resulting static proliferation resistance measure during the system processes are shown in 
Figures 5.2 and 5.3 for MEPAT and those reported in Ref. 11, respectively. 
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Figure 5.2. Proliferation resistance value as a function of time for once-through fuel cycle as evaluated by 
MEPAT. 
 
 
 
Figure 5.3. Proliferation resistance value as a function of time in process for once-through fuel cycle as 
reported by Charlton et al [11]. 
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  The measurement uncertainty attribute, frequency of measurement, and 
percentage of process steps using accounting are set to an equal value for all processes in 
the model and do not contribute to differences between the measures for different 
processes. Mining and milling process has a high proliferation resistance measure largely 
due to its low material attractiveness level, low concentration of significant quantities and 
natural physical barriers associated with underground “canyon” location. As material 
moves to the conversion process, the measure decreases due to the change in the physical 
barriers from a “canyon” to a “vault”.  As material moves to the enrichment process, the 
measure significantly decreases due to its change in attractiveness level, an increase in 
the concentration of significant quantities, and a change in physical barrier from “vault” 
to “secure.”  The fuel fabrication process measure shows a small increase due to the 
difference of material from a highly enriched uranium (HEU) solution to a fuel form that 
decreases ease of separability. As material moves to the reactor process, the measure 
increases significantly due to the change to the highest physical barrier of 
“inaccessibility.” As material moves to the disposal, process the measure decreases 
primarily due to change in physical barrier.  
 The qualitative aspects of the proliferation resistance measure as simulated using  
the model developed here, not surprisingly, matches well with those reported in Ref. 11. 
Both sets of results show decreases with material movement from mining and milling to 
conversion, conversion to enrichment, and reactor to disposal and increases with 
movement between enrichment and fabrication, and fabrication and reactors. 
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5.2 Economics  
This section details the module developed to carry out the economic and cost 
analysis of different fuel supply options. It also outlines aspects of the module included to 
carry out an economic sensitivity analysis. The module is accessible through the 
“Economics” tab.  
The economics module calculates per unit flow costs for all processes excluding 
reactors. The reactor process incorporates reactor operation and capital costs which are 
functions of mass flow, reactor capacity and generation as well as construction and 
operation times. Process costs are entered in five-year increments by the user in the data 
spreadsheet. The model selects the relevant information from the data spreadsheet and 
uses a time specification variable in a function that returns a zero value for all process 
costs that lie outside the current five-year range.  
5.2.1 Front and Back End Cost Calculations 
 The annual cost of a process is calculated as follows, 
 
, ( ) ( ),i k i i kD t E F t,     ( 5.17) 
 
where Ei ($/kg) is the per unit cost and Fi,k(t) (kt/yr) is the process material inflow rate for 
the specified nuclear programs i and k and t is the discrete time in years from the 
beginning time of the simulation. Equation 5.17 is used to determine annual costs for the 
mining/milling and conversion processes. The costs for enrichment, fuel fabrication, and 
disposal processes is based on a similar function that sums for different reactor types as 
follows, 
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where Hi ($/kg) is the cost per unit mass and Pi,k,j(t) (kt/yr) is the process material inflow 
rate for the specified nuclear programs i and k , reactor type j, and t is the discrete time in 
years from the start time of the simulation. Cost per unit material is calculated with the 
exception of enrichment, which uses a cost per separative work unit (SWU). The 
enrichment process also includes an annual cost for the disposition of depleted uranium 
from the tailings. 
5.2.2 Reactor Cost  
The total reactor process cost incorporates two distinct components: capital and 
operations and maintenance (O&M). Reactor capital costs include the overnight cost of 
construction and the interests costs accrued during construction.  The annual overnight 
capital cost is a product of the overnight cost ($/kWe) and reactor capacity (GWe) and is 
accrued at the start of reactor construction. The cost of interest during construction is 
accrued annually over the time of construction and is a product of the total overnight 
capital cost and the interest rate during construction, rIDC. These costs are then amortized 
into annual payments over the financial lifetime of the reactor using the loan interest rate, 
rLOAN. The interest rates used during construction and in calculating annual payments may 
differ and are user-input through the data spreadsheet. Figure 5.4 illustrates the capital 
cost diagram. 
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Figure 5.4.Diagram detailing reactor overnight and interest during construction costs and annualized 
payments over the reactor lifetime. 
 
 
The amortized annual payment is calculated as follows, 
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where OC ($) is the reactor overnight cost, rIDC is the interest rate during construction, 
rLOAN  is the loan interest rate, n is the reactor construction time and m is the financial 
lifetime of the reactor in years.  
Reactor O&M costs include the variable and fixed costs of operation and 
maintenance.  Variable O&M costs are calculated as a product of the electricity produced 
and the variable unit cost (mills/kWe-h). Fixed O&M costs are calculated as a product of 
the reactor capacity (GWe) and the fixed unit cost ($/kWe). The total annual reactor cost 
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is the sum of the annual capital cost and the fixed and variable O&M costs. The default 
costs used in MEPAT are taken from the Idaho National Laboratory report titled Advance 
Fuel Cycle Cost Basis [29]. 
An annual total cost of electricity, Ai(t) (mills/kWe-h) is calculated using fuel 
cycle costs and electricity generation from the operating reactors as follows, 
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where Bk ($/yr) is the sum of the annual process and reactor costs and Ck,j(t) (kWe-h,) is 
the cumulative electricity produced for nuclear program k, and reactor type j and t is the 
discrete time in years from the start time of the simulation [30]. 
5.2.3 Economic Comparison and Sensitivity Analysis 
Earlier work reports a fuel cycle system parameter sensitivity analysis on reactor 
costs using the VISION model [31]. The goal in presenting this analysis is threefold: 
comparison of once-through fuel cycle economic results between VISION and MEPAT; 
illustration of potential sensitivity analysis use of MEPAT; and sensitivity of economic 
measures to system parameter variation. The sensitivity analysis uses the “risk analysis” 
feature available in Powersim, the platform that both VISION and MEPAT use. The 
sensitivity analysis includes a simulation of a once-through fuel cycle system, and then a 
selection of parameters, which are varied to identify which have the largest impact of 
economic cost measures. The analysis shows that the reactor capital costs as the biggest 
contributor to electricity costs. The total cost of electricity (TCOE) and the fuel cycle 
 82
costs (FCC) are the variables used throughout this study as the main economic cost 
measures. The TCOE is defined as the total cost of the fuel cycle divided by total 
electricity produced. The FCC is defined as the total costs of the fuel cycle minus the 
reactor costs divided by the total electricity produced. The units of TCOE and FCC are 
mills/kWh. The sensitivity analysis includes the effects of numerous variables such as 
burnup, reactor power, and capacity factor. 
The scenario examined is a once-through fuel cycle with a single light-water 
reactor. The scenario begins January 1, 2000 and continues for one hundred years with a 
timestep of three months. VISION is set to run in a steady-state meaning that the lone 
reactor is in operation for the entirety of the simulation, in a departure from real world 
practice. The steady-state of the system allows for changes in the economics measure due 
solely to variable variation and not from construction and decommissioning of reactors 
during the simulation.  The front end of the fuel cycle consists of mining/milling, 
conversion, enrichment, and fuel fabrication. Uranium mining is dictated by the fuel 
supply demand for the reactor. The amount of material from the “previous” step and 
process time limit conversion, enrichment, and fuel fabrication. At the simulation start 
point, the LWR is constructed and operated with reserve fuel. There are five batches of 
fuel in the reactor with a batch cycle length of 1 year. The back-end of the fuel cycle in 
this scenario consists of dry fuel storage and the repository. Fuel cycle batches are 
removed from the reactor and sent to wet storage for a period of 5 years. Wet storage is 
located at the reactor site and is included in reactor costs. The spent fuel is then sent to 
dry storage for 5 years. VISION is used to evolve materials in storage due to decay. 
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Figures 5.5 and 5.6 show components that constitute the annual total and front-
end and disposal costs annually as reported by VISION. The percentage of each 
component that comprises the total cost each year is 9% for the front end, up to 6% for 
the back end, 62% for reactor capital costs, and 23% for reactor operations costs. The 
percentage of the component that comprise the fuel cycle and disposal costs each year is 
19% for ore mining, 3% for ore conversion, 25% for enrichment, 9% for fuel fabrication, 
3% for depleted uranium disposition (DUD), 4% for conditioning, and 38% for repository 
disposal.  
 
 
Total Costs , $445.5M
Total Front End 
Costs, $39.5 M
Total Back End 
Costs, $28.0M
Reactor 
Operations Costs, 
$102M
Annual Capital 
Costs, $276M
 
 
Figure 5.5. Annual total cost by component for once through scenario as reported by VISION [31]. 
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Total Fuel Cycle Costs , $67.6M
DUD Costs, 
$1.9M
SNF Repository 
Costs, $25.6M
Conditioning 
Costs, $2.5
U Enrichment 
Costs, $17M
U Ore Mining 
Costs, $12.6M
U Conversion 
Costs, $2.1M
U Fuel 
Fabrication 
Costs, $5.9M
 
 
Figure 5.6. Annual total fuel cycle cost by component for once through scenario as reported by VISION 
[31]. 
 
 
Table 5.7 shows input parameters used in VISION and MEPAT to simulate the 
once-through fuel cycle scenario. A key difference exists in the simulation of the once-
through fuel cycle scenario using the two sources. The difference is that VISION 
incorporates processes for depleted uranium disposition and waste conditioning that 
MEPAT omits.  In recreating this scenario MEPAT sets the lend switch “to meet 
demand” and the capacity switch to “unlimited”. The reactor order option used in 
MEPAT is the annual reactor order rate that orders one reactor at the beginning of the 
simulation and another reactor of the same type at the end of the initial reactors operation 
lifetime. This simulates the “steady-state” reactor in the VISION analysis. Input 
parameters as specified in the MEPAT data spreadsheet for the comparison to VISION 
are given in Appendix C. 
 
 85
Table 5.7.Reactor parameters used in the once-through fuel cycle scenario 
 
Mining Time 1 yr
Conversion Time 0.25 yr
Enrichment Time 1 yr
Fabrication Time 1 yr
Estimated Conventional Resources 12000 kt U
Tails Enrichment 0.25%
Number of Batches 5
Cycle Length 1 yr
Reactor Power 1.3 GWe
Capacity Factor 0.9
Thermal Efficiency 0.34
Wet Storage Time 5 yrs
Dry Storage Time 5 yrs
Interest Rate 10%
Scenario Start Date 1/1/2000
Scenario End Date 1/1/2100
Timestep 0.25 yr  
 
Annual economic results as reported by VISION and MEPAT are shown in Table 
5.8. The first two columns gives the results for VISION and MEPAT while the last 
column shows the VISION to MEPAT cost component ratio. The ratio is included to 
illustrate the difference in results between the two sources. The ratios for individual 
process range from 0.95 for the fuel fabrication process to 1.04 for the enrichment 
process. Exact agreement is shown in the reactor operations and maintenance (O&M) and 
capital costs. The total cost ratio for the scenario is equal to 1.01. The general agreement 
in cost results shows the utility in generation of economic cost results of MEPAT through 
comparison to VISION. VISION is an established simulation code and has been used in 
various fuel cycle studies by the US Department of Energy. 
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Table 5.8. Economic cost comparison results 
 
($M) VISION MEPAT Ratio
Total Fuel Cycle 68 65 1.04
Total Front End 40 38 1.05
 Mining/Milling 13 13 0.98
Conversion 2 2 0.98
Enrichment 17 16 1.04
Fuel Fabrication 6 6 0.95
Depleted U Disp 2 n/a n/a
Total Back End 28 27 1.03
Waste Cond 2 n/a n/a
Disposal 26 27 0.94
Total Reactor 378 378 1.00
Reactor O&M 102 101 1.00
Reactor Capital 276 277 1.00
Total 445 443 1.01  
 
 
VISION uses the economic cost values in Table 5.8 as a base value from which 
parameters are varied in its sensitivity analysis. Certain parameters are selected to study 
their impact on electricity production and cost. These are selected because there is either 
uncertainty in their values or ranges of values are possible. These parameters and the 
reason for their selection are discussed below. The largest contributing component to 
total front-end fuel cycle costs is uranium enrichment cost followed closely by uranium 
ore mining costs. The non-economic system parameter that greatly influences uranium 
mining and enrichment costs is burnup. Higher burnups require higher initial enrichment 
but less mass of uranium for reactor fuel. However, higher burnups lead to greater 
electricity production, which tempers the enrichment cost increase when analyzing fuel 
cycle costs (FCC). Despite these concerns, burnup is chosen as an assumption parameter. 
Thermal efficiency was also chosen as an assumption parameter because it is a user-
specified variable that is directly input. Thermal efficiency also has implications in the 
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two largest components contributing to the total fuel cycle costs: enrichment and 
mining/milling. 
The largest contributor to annual total cost is the reactor annual capital costs. 
Annual reactor capital cost is the sum of three costs: a capital cost based on reactor size; a 
capital cost based on accrued interest during construction (IDC); and a capital cost based 
on a sinking fund rate. Varying the interest rate would influence the reactor capital cost 
due to the IDC. However, the focus of the current work is on system parameters and not 
on economic parameters; therefore, reactor construction time is chosen as a variable 
because it too influences IDC. Capacity factor is chosen as a variable due to its direct 
affect on annual electricity production. 
Reactor annual capital costs are directly dependent on the reactor size and it 
would seem that reactor capital cost would be a choice as a parameter. However, reactor 
capacity is also directly involved with the calculation of annual electricity production. 
The main economic measure TCOE is a ratio of costs-to-electricity production. Any 
change in costs due to reactor size would scale directly with changes in electricity 
production causing no change in the economic measures. For this reason reactor capacity 
is not chosen as a parameter. 
System parameters, not user-specified, were also considered. It was found that 
system parameters that were not user-specified were defined by variables that are 
specified by the user. Reactor power is an example of one such system parameter. 
Reactor power is defined as the product of reactor size and a capacity factor representing 
availability. Capacity factor and reactor size are both user-specified variables. Therefore, 
reactor power was not chosen as a variable to avoid redundancy. Lastly, some system 
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parameters were eliminated as  variable choices because of their embedded definitions. 
For example, fuel enrichment is defined in VISION based on fuel recipes, which are user-
specified parameters. Fuel recipes, represented in an isotopic array, would need to be 
modified in order to change the enrichment. The four variables chosen for the sensitivity 
analysis are capacity factor, reactor construction time, burnup, and thermal efficiency. 
Using the economic cost results from Table 5.8 for VISION and with an annual 
electricity generation of 10.3 billion-kilowatt-hours, the nominal TCOE and FCC are 
43.41 and 6.59 mills/kWh, respectively. Figures 5.7 and 5.8 illustrate the TCOE and FCC 
results for the sensitivity analysis.  
 
 
 
Figure 5.7. Tornado diagram showing low and high values of TCOE with variations in capacity factor, 
reactor construction time, burnup, and thermal efficiency [31]. 
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Figure 5.8. Tornado diagram showing low and high values of FCC with variation in burnup and thermal 
efficiency [31]. 
 
 
Results of the sensitivity analysis shown in the tornado diagram results are 
discussed below. Results were obtained using the high and low values of the variables to 
discern their affects on TCOE and FCC. As expected an increase in TCOE is shown with 
a decrease in the variables of capacity factor, thermal efficiency, and burnup. An increase 
in TCOE also corresponds to an increase in construction time.  
Burnup is a user-specified variable given in GWd/MT. VISION uses burnup to 
calculate the fuel consumption rate, which is defined as the thermal power divided by the 
burnup. The fuel consumption rate dictates how much fuel is ordered, the front-end 
process rates, such as mining rate and conversion rate, and the back-end disposal rates. 
Changes in burnup do not influence the electricity produced. Lower burnup rates require 
more mass at a lower enrichment to meet the specified power demand. The lower burnup 
value increases the fuel cycle costs due to the increase in mass in the front and back end 
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of the fuel cycle. A decrease in burnup increases front-end costs by increasing the mass 
required for uranium ore mining, conversion, fabrication, and depleted uranium 
disposition (DUD). Back-end costs increase due to more total mass in waste streams. 
Reactor costs do not vary with change in burnup. Table 5.9 illustrates the differences in 
cost due to varying burnup.  
Thermal Efficiency is a user-input parameter in GWth/GWe. VISION uses 
thermal efficiency to determine how much thermal energy generated is converted to 
electric energy in the power plant. Increasing thermal efficiency decreases front and 
back-end costs. The increase in thermal efficiency decreases the amount of source 
material needed in the front-end processes and mass of material needing to be disposed. 
Reactor costs and electricity production are not influenced by thermal efficiency and are 
constant. Table 5.10 illustrates the effect of thermal efficiency on TCOE and FCC. 
 
 
Table 5.9.TCOE with defining components at high and low ranges of burnup [31]. 
 
 Burnup Value 50 GWth*d/MT 80 GWth*d/MT Units
Electricity Produced Yearly 1.03E+10 1.03E+10 kWh
Total Front End 4.03E+07 2.52E+07 $
U Ore Mining 1.29E+07 8.05E+06 $
U Ore Conversion 2.15E+06 1.34E+06 $
U Enrichment 1.74E+07 1.08E+07 $
Fuel Fabrication 6.03E+06 3.77E+06 $
DUD 1.90E+06 1.18E+06 $
Total Back End 2.81E+07 2.72E+07 $
Repository Costs 2.56E+07 2.56E+07 $
Conditioning 2.50E+06 1.56E+06 $
Reactor Costs 3.78E+08 3.78E+08 $
Fuel Cycle Costs 6.67 5.11 mills/kW h
Total Cost of Electricity 43.50 41.93 mills/kW h  
 91
Table 5.10. TCOE with defining components at high and low ranges of thermal efficiency [31]. 
 
 Thermal Efficiency Value 0.3 0.35 Units
Electricity Produced Yearly 1.03E+10 1.03E+10 kW h
Total Front End 4.48E+07 3.84E+07 $
U Ore Mining 1.43E+07 1.23E+07 $
U Ore Conversion 2.39E+06 2.04E+06 $
U Enrichment 1.93E+07 1.65E+07 $
Fuel Fabrication 6.70E+06 5.74E+06 $
DUD 2.11E+06 1.81E+06 $
Total Back End 2.84E+07 2.80E+07 $
Repository Disposal 2.56E+07 2.56E+07 $
Conditioning 2.78E+06 2.38E+06 $
Reactor Costs 3.78E+08 3.78E+08 $
Fuel Cycle Costs 7.14 6.48 mills/kWh
Total Cost of Electricity 43.96 43.30 mills/kWh  
 
Capacity factor is a user-input parameter, which defines the availability of the 
reactor. Reactor power is then defined as a product of capacity factor and reactor size. An 
increase in capacity factor corresponds to an increase in front and back-end costs as well 
as increased annual electricity production. This is not the case with TCOE due to reactor 
costs. Reactor costs have a strong dependence on reactor size. Reactor size does not vary 
with capacity factor. Therefore, reactor cost varies only slightly with change in capacity 
factor. TCOE is the ratio of total annual reactor and fuel cycle cost to annual electricity 
production. Therefore, with a higher capacity factor the total costs are outpaced by the 
increase in electricity lowering the TCOE. Table 5.11 illustrates the change in TCOE 
with variations in capacity factor. 
Construction time is used to evaluate the accrued interest during construction 
(IDC). This amount is amortized over the reactor lifetime and contributes to annual 
capital cost. A change in reactor construction time does not affect any fuel cycle or 
reactor operations cost. It does have a significant impact on the reactor annual capital 
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costs, which comprises nearly three-fourths of the total cost. This leads to a significant 
increase in TCOE. Table 5.12 illustrates the changes in the TCOE with variation in 
reactor construction time. 
 
Table 5.11. TCOE with defining components at high and low ranges of capacity factor [31]. 
 
 Capacity Factor Value 0.8 0.95 Units
Electricity Produced Yearly 9.12E+09 1.08E+10 kW h
Total Front End 3.51E+07 4.17E+07 $
U Ore Min ing 1.12E+07 1.33E+07 $
U Ore Conversion 1.87E+06 2.22E+06 $
U Enrichment 1.51E+07 1.80E+07 $
Fuel Fabrication 5.25E+06 6.24E+06 $
DUD 1.65E+06 1.96E+06 $
Total Back End 2.50E+07 2.97E+07 $
Repository Disposal 2.28E+07 2.71E+07 $
Condition ing 2.18E+06 2.59E+06 $
Reactor Costs 3.76E+08 3.79E+08 $
Fuel Cycle Costs 6.59 6.59 mills/kWh
Total Cost of Electricity 47.79 41.57 mills/kWh  
 
 
This sensitivity analysis provides insight into what influence system parameters 
have on both FCC and TCOE. Assumption parameters used in this analysis are capacity 
factor, reactor construction time, burnup, and thermal efficiency.  Decreases in capacity 
factor, burnup, and thermal efficiency and increases in reactor construction time lead to 
an increased TCOE.  . The sensitivity analysis presented and discussed in this section 
illustrates the native “risk analysis” feature of Powersim. The feature may also be used by 
MEPAT to conduct sensitivity analysis studies by the user is so desired.
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Table 5.12. TCOE with defining components at high and low ranges of reactor construction time [31]. 
 Construction Time Value 4 yrs 6 yrs Units
Electricity Produced Yearly 1.03E+10 1.03E+10 kW h
Total Front End 3.95E+07 3.95E+07 $
U Ore Min ing 1.26E+07 1.26E+07 $
U Ore Conversion 2.10E+06 2.10E+06 $
U Enrichment 1.70E+07 1.70E+07 $
Fuel Fabrication 5.91E+06 5.91E+06 $
DUD 1.86E+06 1.86E+06 $
Total Back End 2.81E+07 2.81E+07 $
Repository Disposal 2.56E+07 2.56E+07 $
Condition ing 2.45E+06 2.45E+06 $
Reactor Costs 3.67E+08 3.89E+08 $
Reactor Operations 1.02E+08 1.02E+08 $
Annual Capital 2.65E+08 2.87E+08 $
Fuel Cycle Costs 6.59 6.59 mills/kWh
Total Cost of Electricity 42.37 44.50 mills/kWh  
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CHAPTER 6  SCENARIOS
 
This dissertation work is comprised of two distinct components: the development 
of MEPAT; and the analysis of scenarios with MEPAT to demonstrate its use. This 
chapter illustrates the analysis of four increasingly complex scenarios. The first, and 
admittedly very simple, scenario concerns material movement between two nuclear 
programs. The scenario captures the capabilities of the basic material movement 
functions of the model. The second scenario is a dual nuclear program comparison to the 
published results of the MULTINUKE program. It compares and contrasts resulting 
material movement and composition results from the two sources. The third scenario 
details four nuclear programs and encompasses the material movement, economics 
components of MEPAT. The third scenario also illustrates the use of the system 
perturbation to simulate supply disruption. The scenario is built around the introduction 
of nuclear power introduction into a specified nuclear program. The fourth scenario uses 
energy goals for the Hashemite Kingdom of Jordan and analysis reactor-type choice in 
implementing nuclear power. The fourth scenario encompasses material, economic and 
nonproliferation modules of MEPAT. This scenario also uses real-world information to 
analyze the decision of reactor type implementation. Supporting information, including 
parameters, for the third and fourth scenarios are contained in Appendix C. 
 95
6.1 Scenario 1 
This first scenario demonstrates the simulation of material movement between two 
nuclear programs denoted as B and D. The scenario is simplistic to acquaint the reader 
with the basic functions of MEPAT. Nuclear program B possesses all processes of the 
nuclear fuel cycle and orders no reactors. Program B supplies fabricated fuel for reactor 
use and receives spent reactor fuel for disposal on behalf of Program D. Nuclear program 
D orders one reactor in the first year of the scenario using the third reactor order option, 
an annual reactor order rate as described in Section 4.2. Program D possesses reactors but 
has no other fuel cycle processes. Figure 6.1 gives a qualitative illustration of the 
normalized material quantity in the mining/milling, conversion, enrichment, fuel 
fabrication, and disposal processes of Program B, and in the reactor process of Program 
D, as well as the total material in all of the processes in both programs. Processes not 
specifically illustrated in the figure have zero values. All material conversion factors are 
set to unity to simplify results and analysis.  
Material enters the system through the mining and milling process of program B and 
continues through the subsequent front-end processes of conversion, enrichment, and fuel 
fabrication. Material transfers from the fuel fabrication process of program B to the 
reactor of program D. Material then flows from the reactor of program D to the disposal 
process of program B. The attainment of maximum quantity of total material in the 
system coincides with the cessation of material flow into the mining and milling process 
of program B. This scenario allows for a basic understanding of the ordering and 
borrowing mechanisms and material flow structure within MEPAT.  
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Figure 6.1. Normalized material quantity of selected fuel cycle processes in programs B and D [32]. 
 
 
6.2 Scenario 2 
This scenario serves as a comparison to fuel cycle results from previous research 
to MEPAT to confirm validity.  As previously discussed in detail in Section 2.1, Reis and 
colleagues develop a model to evaluate international fuel leasing options [7].  The 
MULTINUKE model is a systems dynamics representation of the nuclear fuel cycle 
between two nations. Type-1 nations are fuel cycle states that lease nuclear fuel to user 
nations, designated as type-2 reactor states. MULTINUKE was used to analyze four 
scenarios between type-1 and type-2 nations. The first scenario features leasing between 
user and supplier nations with both entities using open fuel cycles.  In the second 
scenario, supplier nations have an open fuel cycle and lease fuel to user nations, which 
only have reactors.  The results from the first two scenarios reported in Ref. 7 are 
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compared in this section to the results of electricity demand and material accumulation 
obtained using MEPAT. 
6.2.1 Scenario 2 Overview 
Annual electricity growth is set at 1% for the type-1 nation and 2% for the type-2 
nation.  Initial power is 560 GWe of fossil power and 220 GWe of nuclear power for the 
type-1 nation. Initial power is 700 GWe of fossil power and 100 GWe of nuclear power 
for the type-2 nation.  Both nation types increase nuclear energy production until it 
represents 50% of the total electricity generation.  Initial spent fuel material quantity is 
150 kt for type-1 nations and 75 kt for type-2 nations. The material results for each 
scenario are given in a derived unit of Yucca Mountain Equivalent (YME) (1 YME = 70 
kt). Both nation types use thermal reactors but exact reactor parameters, such as reactor 
capacity, availability and burnup, are unknown. 
Program A represents the type-1 nation and program B represents the type-2 nation in 
MEPAT.  The fuel cycle process capacities and uranium resources are set to unlimited. 
The process capacity lend switch is set to domestic supply for the scenario. MEPAT uses 
a 1.5 GWe light-water reactor to fill nuclear demand in both nations. Existing reactors are 
set at 147 and 67 reactors for type-1 and type-2 nations to simulate the established 
nuclear capacity. Other associated reactor parameters used in the model are given in 
Table 6.1. Front-end processes have a process time of one year, with the exception of 
conversion, which has a process time of three months. The time for ordering, licensing, 
and construction and the fuel residence time in the reactor are 5 years. MEPAT is set for 
a simulation time of 80 years with a timestep of one month. An annual maximum reactor 
order rate of eight reactors is set for type-1 nations and sixteen for type-2 nations. In this 
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scenario, no reactors are retired in the span of the simulation, which is an obvious 
departure from industry practice. 
 
Table 6.1. Parameters of light-water reactor used in MEPAT for comparison with results obtained using 
MULTINUKE. 
 
Parameter Value
Nuclear Power (Gwe) 1500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Enrichment Tails Assay (%) 0.30
Discharge Burnup (GWd/tHM) 50
Initial Enrichment 4.51  
 
6.2.2 Scenario 2 Results 
Figure 6.2 illustrates the total electricity, nuclear electricity, type-1 and type-2 nation 
capacity as reported by MULTINUKE [7]. The results shows approximate total 
electricity capacity of 5,070 GWe, a nuclear electricity capacity of 2,460 GWe, with 750 
GWe of capacity attributed to type-1 nations and 1,710 GWe of capacity attributed to 
type-2 nations. Figure 6.3 illustrates the corresponding results for total electricity 
demand, total nuclear electricity demand, total nuclear electricity capacity, type-1 and 
type-2 national nuclear electricity capacity obtained using MEPAT. The results show a 
total electricity demand of 5,177 GWe, nuclear electricity demand of 2,589 GWe, and a 
nuclear electricity capacity of 2,307 GWe with 783 GWe of capacity attributed to type-1 
nations and 1,524 GWe of capacity attributed to type-2 nations. Results at the end of the 
simulations are shown in Table 5.2 for MULTINUKE and MEPAT. 
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Figure 6.2. MULTINUKE annual electricity capacity results. 
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Figure 6.3. MEPAT annual electricity capacity results  
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Table 6.2. Electricity capacity results obtained using  MULTINUKE and MEPAT. 
 
Total
Nuclear 
(Desired)
Nuclear 
(Actual)
Type-1 Type-2
MULTINUKE 5070 2460 2460 750 1710
MEPAT 5177 2589 2307 783 1524
Ratio 1.02 1.05 0.94 1.04 0.89
Electricity Capacity (GWe)
 
 
Electricity, nuclear electricity and nation type nuclear capacity results differ slightly 
between the two system analyses. The last row is the ratio of the MULTINUKE and 
MEPAT results. The results differ due to the construction lag introduced in MEPAT, and 
the lack of knowledge of reactor parameters used in MULTINUKE such as the annual 
reactor order limit. MULTINUKE assumes an immediate fulfillment of nuclear 
electricity demand with reactor capacity, while the research model assumes a delay in 
reactor operation that is equal to the time for construction, ordering and licensing.  The 
attainment of a 50% electricity market share by nuclear in a time span of 30 years for 
type-1 and 50 years for type-2 nations shows that there must be a limit on the reactor 
order rate in MULTINUKE. The absence of a reactor order limit would result in almost 
immediate attainment of the desired nuclear capacity goal by ordering a quantity of 
nuclear reactors to meet the goal early in the simulation. 
 The exact reactor order limit used in MULTINUKE is unclear. MEPAT results use 
an annual reactor order limit of eight and sixteen for type-1 and type-2 nations, 
respectively.  Results for a revised simulation carried out using MEPAT  are illustrated in 
Figure 6.4. This revised simulation includes a construction order and licensing time of 
one month to try and accurately capture the immediate fulfillment of nuclear capacity as 
assumed in MULTINUKE.  A comparison between MULTINUKE and the revised 
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MEPAT results at the end of the simulation are shown in Table 6.3. The results show a 
total electricity demand of 5,177 GWe, nuclear electricity demand of 2,589 GWe, and a 
nuclear electricity capacity of 2,505 GWe with 816 GWe of capacity attributed to type-1 
nations and 1,689 GWe of capacity attributed to type-2 nations.  
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Figure 6.4. Annual model electricity capacity results for the revised MEPAT simulation. 
 
Table 6.3. Electricity capacity results for MULTINUKE and the revised research model. 
 
Total
Nuclear 
(Desired)
Nuclear 
(Actual)
Type-1 Type-2
MULTINUKE 5070 2460 2460 750 1710
MEPAT 5177 2589 2505 816 1689
Ratio 1.02 1.05 1.02 1.09 0.99
Electricity Capacity (GWe)
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Figures 6.5 and 6.6 illustrate the total accumulation of global spent fuel as calculated 
by MULTINUKE and MEPAT.  The end of simulation values for the global spent fuel 
accumulation in YME are 39 and 29 YME, respectively. MEPAT results give a more 
conservative estimate of the spent fuel quantity in comparison to MULTINUKE. The 
estimate is conservative due in part to the annual maximum reactor order rate of MEPAT.  
Other reactor parameters such as burnup and availability also influence the material mass 
calculation. Reactor parameters of the MULTINUKE model are not available in the 
literature, which precludes a quantitative comparison between reactor material outputs to 
assess the discrepancy between the two sources. 
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Figure 6.5.Annual accumulation of spent fuel in Yucca Mountain Equivalent (YME) determined using 
MULTINUKE [6]. 
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Figure 6.6. Annual accumulation of spent fuel in Yucca Mountain Equivalent (YME) determined using 
MEPAT revision. 
 
 
6.3 Scenario 3 
This scenario involves material movement, economics modules of MEPAT and 
illustrates the utility of the system perturbation feature. The scenario involves a system of 
four nuclear programs. The first nuclear program, A, represents a program entering the 
nuclear power industry. The three other nuclear programs B, C, and D are established 
entities in the nuclear power industry and possess all fuel cycle processes. Nuclear 
program A secures supply nuclear power generation by an agreement with nuclear 
program B to provide front-end and disposal services. Nuclear program B agrees to 
provide supply service for five light-water reactors, each with a capacity of 1.5 GWe. 
Nuclear program A orders five LWRs in the first year of the simulation given the assured 
supply contract.  In the year 2025, nuclear program B experiences a supply disruption 
that results in inability to supply nuclear program A as previously agreed. Nuclear 
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program B negotiates supply with nuclear programs C and D to fulfill the nuclear fuel 
demand. Program A enters a supply agreement with nuclear program C to fulfill the 
majority of its front-end supply and disposal demand and program D for the remaining. 
The scenario is summarized in this section with supporting information concerning data 
spreadsheet parameters contained in Appendix C. 
6.3.1 Scenario 3 Overview 
d above uses several features of the model developed in 
Chapte
 set on the “Reactor Order” tab of 
MEPA
at define calculation within the 
modules for the scenario. The “Basic Parameters” sheet contains reactor and process 
The scenario describe
rs 4 and 5 in MEPAT, including system perturbation to simulate supply disruption. 
The scenario is modeled from the viewpoint of nuclear program A and assumes that 
reactors are ordered only for that nuclear program.  Nuclear programs B and C operating 
fifteen and ten reactors, respectively. The overview first describes options set in tabs 
within the MEPAT application in Powersim. The overview then continues to describe 
parameters set in sheets within the data spreadsheet. 
The model uses the last reactor order option
T, which is an annual input of reactor order by type. The uranium switch is set of 
to “unlimited,” and removes constraints on process capacity due to ore resources.  The 
process “capacity switch” is set to limited for all nuclear programs throughout the 
scenario. Process capacity lending, via the “lending switch,” is set “to meet demand” 
prior to the perturbation and “as set in Excel” after the perturbation. The settings for the 
three variables pertaining to uranium resources, process capacity and process capacity 
lending, are set on the “Fuel Order” tab in MEPAT. 
The data spreadsheet contains parameters th
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informa
ence as well as process capacity priority before the perturbation 
date. T
supply relationships between nuclear 
program
tion such as annual maximum reactor order and fuel type selection. The 
availability and reactor lifetimes for the light-water reactor type are 90% and 60 years, 
respectively.  The “Reactors” sheet defines reactor ordering for the nuclear programs. 
Five light-water reactors of 1.5 GWe capacity each are ordered in the year 2000 for 
nuclear program A. The “Process Capacity” sheet defines annual process capacity for the 
four nuclear programs, excluding the reactor process. Process capacity are set to 
unlimited values for nuclear programs B, C, and D and process capacity for nuclear 
program A is set to zero. 
The “Priorities” sheet contains information pertaining to process capacity and 
reactor priority and prefer
he matrix representing process capacity lending priority between nuclear programs 
is illustrated in Table 6.4(a). The matrix shown represents the variable PRPROC(i,k) as 
previously discussed in Chapter 4. All nuclear programs, B, C, and D, which possess 
process capacity place higher priority on self-supply, which is shown by the highest 
priority values in the diagonal entries of the matrix. Nuclear program B then places the 
next highest priority on supply between itself and nuclear program A. The entry in row B, 
column A represents the relationship of supply between the nuclear programs. Empty 
priority value entries correspond to a zero  value. 
The “Material Movement” sheet defines supply relationships for the scenario 
prior to perturbation. The matrix representing 
s is illustrated in Table 6.5 (a). The matrix shown represents the variable 
BINPROC(i,k) as previously discussed. Nuclear program B supplies all front-end and 
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disposal process capacity on behalf of program A prior to perturbation. This is 
represented with a unitary entry in column B, row A in the matrix 
The “Perturbation” sheet in the data spreadsheet specifies the perturbation date 
and ch
y a maximum 
quantit
anges in supply relationships, process capacity lending priority, and maximum 
process capacity for lending for this scenario. The perturbation date for the scenario is set 
to January 1, 2025. The perturbation changes the supply relationships between nuclear 
programs. Prior to the perturbation date nuclear program B is the sole supplier for front-
end and disposal processes. Beyond the perturbation date, nuclear program A establishes 
supply relationships with nuclear programs C and D and ends it relationship with 
program B. The matrix representing process capacity lending priority between nuclear 
programs after perturbation is illustrated in Table 6.4(b). The entry in row B, column A is 
zero, while the entries in row C, column A and column D, row A are unitary. The 
priorities for capacity lending give descending priorities to nuclear programs B, C and D 
on behalf of program A. The matrix representing process capacity lending priority 
between nuclear programs after perturbation is illustrated in Table 6.5(b).  
After the perturbation date, process capacity lending is limited b
y available for lending, represented by the variable NUMPROC(i,k) which is 
described in detail in Chapter 4. The variable is represented by five matrices representing 
the mining/milling, conversion, enrichment, fuel fabrication, and disposal process. Each 
matrix in the set is n x n, where n is the number of nuclear programs. For this scenario, 
after perturbation lending quantity is limited between nuclear programs A and C only. 
The limit represents the constraint of nuclear program C on providing supply to nuclear 
program A. The maximum process quantities available for lending between nuclear 
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programs A and C are shown in Table 6.6. These values are entries in row C, column A 
of the matrices with all other entries equal to a value that assumes unlimited lending 
between programs.  
 
Table 6. Process Capacity Lending Priority prior to and after perturbation  
 
 
 
Table 6.5. Supply R to and after perturbation. 
 
 
Table 6.6. Maximum  quantities between nuclear programs  C for scenario 3.
4. 
elationship matrices prior 
 
 process capacity lending  A and  
 
Mining and 
Milling
Conversion Enrichment
Fuel 
Fabrication
Disposal
(kt/yr) (kt/yr) (kSWU/yr) (kt/yr) (kt/yr)
1.105 1.105 824 0.1105 0.1105
Process Capacity Limit
 
 
 
ic parameters and annual interest and 
interest
 
 The “Econ Basic” sheet lists econom
 during construction rates of 5 and 3% for nuclear program A. The sheet also 
specifies an overnight cost of 3,500 ($/kWe) for LWR construction in nuclear program A. 
            (a)        (b) 
A B C D A B C D
A 0 0 0 0 A 0 0 0 0
B 1 1 0 0 B 0 1 0 0
C 0 0 1 0 C 1 0 1 0
D 0 0 0 1 D 1 0 0 1
Supply Relationship Supply Relationship 
          (a)        (b) 
A B C D A B C D
A A
B 3 4 B 2 4
C 3 4 C 3 4
D 4 D 1 4
Process Capacity Lending Priority Process Capacity Lending Priority
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The “Economics” sheet gives process costs in five-year increments for all nuclear 
programs. The costs specified are the costs incurred by nuclear program A for process 
capacity services supplied by the corresponding nuclear program. Nuclear program B, C, 
and D use three cost profiles, listed in Table 6.7, taken from the Advanced Fuel Cycle 
Cost Basis Report [29].  
 
Table 6.7. Costs of process capacity supply as incurred by nuclear program A.  
 
Mining and 
Milling
Conversion Enrichment
Fuel 
Fabrication
Units ($/kt) ($/kt) ($/kSWU) ($/kt)
B 30 5 85 200
C 75 10 115 250
D 260 15 135 300
Process Capacity
 
 
uclear program B assesses a low-cost, C a nominal-cost and D a high-cost to 
nuclear
N
 program A. These costs are assigned on the assumption of political and business 
relationships between the nuclear programs. The assumption is that nuclear program B 
has a high political incentive to offer low-cost nuclear supply to program A. Such a 
political incentive could represent nonproliferation interests of nuclear program B to 
dissuade nuclear program A to develop domestic capabilities with dual uses applicable to 
both power and weapons program such as enrichment [33]. The relationship between 
nuclear programs B and C represent a supply contract negotiated with nominal, market-
rate costs.  Nuclear program C provides supply beyond the interruption of supply from 
program B. This contract could represent a nuclear program that has proven its 
commitment to safety, security and nonproliferation, and wishes to continue its nuclear 
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program despite the supply interruption. The high-costs charged by nuclear program D 
represent a business contract essentially when nuclear program A has no other supply 
choice. The scenario is run for a simulation time of forty years beginning in the year 2000 
with a timestep of one month. This section summarizes input parameters for the scenario 
with supporting information contained in Section C of the Appendix. The following 
section summarizes the results for the scenario described above. 
6.3.2 Scenario 3 Results- Material 
 A increases to 7.5 GWe and then remains constant 
through
rogram B with the cessation of 
supply 
Nuclear capacity for program
out the simulation, representing the five light-water reactors initially ordered. 
Figure 6.7 shows the process material quantity for mining/milling for nuclear programs 
B, C, and D. Material quantity initially increases in program B due to capacity demand to 
supply fifteen domestic LWRs and five LWRs of nuclear program A. Material quantity 
increases initially in program C due to its domestic capacity demand to supply ten LWRs. 
Material quantity is zero for nuclear program A due to its supply reliance on other 
nuclear programs. Material quantity for nuclear program D is zero initially, due to the 
absence of operating reactors and supply relationships. 
A decrease in material quantity is shown in p
to nuclear program A when perturbation occurs in 2025. Subsequently, increases 
in the material quantity in programs C and D occur after the perturbation date. The 
decrease in material quantity in program B equals the sum of the increases in material 
quantity in programs C and D. This equivalent shift represents the change in supplier for 
nuclear program A.  
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Material process quantity for the conversion, enrichment and fuel fabrication 
process follow a similar pattern for each nuclear program as seen in the mining/milling 
process.  Material quantity results are illustrated for the conversion and enrichment 
processes in Figures 6.8 and 6.9. The material quantity  results for the fuel fabrication 
process are shown in Figure 6.10. The change in scale of process material quantity is due 
to material loss in the enrichment process defined by the feed to product ratio. 
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Figure 6.7. Mining/milling process quantity for nuclear programs B, C, and D. 
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Figure 6.8. Conversion process quantity for nuclear programs B, C, and D. 
 
 
0.00
1.00
2.00
3.00
4.00
5.00
6.00
2000 2010 2020 2030 2040
Time (Years)
Material
 Quantity 
(kt)
Program B
Program C
Program D
 
 
Figure 6.9. Enrichment process quantity for nuclear programs B, C, and D. 
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Figure 6.10. Fuel fabrication process quantity for nuclear programs B, C, and D. 
 
 
The material quantity for the reactor process is illustrated in Figure 6.11. As 
previously stated nuclear programs A, B, and C operate five, fifteen and ten reactors 
respectively. The perturbation does not lead to a lag in fuel supply to program A so as 
expected the equilibrium material quantity are the highest for program B and lowest for 
program A. The material quantity for the disposal process is illustrated in Figure 6.12. As 
expected, disposal material quantity increases throughout the simulation since it is the 
culminating process in the fuel cycle. The slope of  the material quantity in program B 
decreases after perturbation due to the redirection of disposal material from nuclear 
program A. In contrast, the slope of material quantity for nuclear program C increases 
after perturbation for the same change in supply relationship. The slope of material 
quantity for program D is zero prior to perturbation and is constant after perturbation 
occurs. 
 113
 0.00
0.50
1.00
1.50
2.00
2.50
2000 2010 2020 2030 2040
Time (Years)
Material
 Quantity 
(kt)
Program B
Program C
Program A
 
 
Figure 6.11. Reactor process quantity for nuclear programs B, C, and D. 
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Figure 6.12. Disposal process quantity for nuclear programs B, C, and D. 
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6.3.3 Scenario 3 Results- Economics 
The costs of the scenario from the perspective of nuclear program A are discussed 
in this section. Nuclear program A is assessed costs using low, nominal and high profiles 
assigned to the nuclear programs providing supply as previously discussed. Figures 6.13 
and 6.14 show cost components of the fuel cycle scenario before and after perturbation. 
Total fuel cycle costs of the scenario prior to perturbation is 224 ($M) and after 
perturbation equals 424 ($M). Total reactor cost are equal before and after perturbation 
and equal 1,987 ($M) with reactor operations comprising 600 ($M) and reactor capital 
costs comprising 1,387 ($M). Total cost of the fuel cycle prior to perturbation is 2,210 
($M) and after perturbation equals 2,410 ($M). The last column of the table shows the 
cost difference in each component of the fuel cycle. As expected, prior to and post 
perturbation cost differences arise solely from the fuel cycle costs and amount to 200 
million dollars annually. Table 6.9 shows the cost to electricity production ratio, FCC and 
TCOE for the fuel cycle scenario. The FCC is the ratio of total fuel cycle cost to 
electricity production and equals 3.78 and 7.16 mills/kWh prior to and post perturbation, 
respectively. The FCC after perturbation is approximately double the before perturbation 
FCC which is a significant change. The TCOE is the ratio of total cost to electricity 
production and equals of 37.38 and 40.76 mills/kWh prior to and post perturbation, 
respectively.  
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Total Costs, $2,210 M
Reactor O&M, $600 M
Conversion, $6 M
Mining and Milling,$41 M
Fuel Fabrication, $24 M
Enrichment, $71 M
Disposal, $58 M
Reactor Capital, 
$1387M
 
 
Figure 6.13. Total cost of fuel cycle scenario prior to perturbation. 
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Figure 6.14. Total cost of fuel cycle scenario after perturbation.
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Table 6.8. Electricity production and cost ratios of nuclear program A. 
 
Prior Post
Annual Electricity Production      
( billion kWhe) 59 59
Fuel Cycle Cost (FCC) 3.78 7.16
Total Cost of Electricity (TCOE) 37.38 40.76  
 
This scenario illustrates analysis of a fuel supply scenario with a supply 
disruption. The scenario uses constant cost factors and process times to simplify results. 
A real world scenario would undoubtedly use such simple parameters. However, the 
scenario does show how the use of MEPAT is beneficial to nuclear programs considering 
entry into nuclear fuel supply contracts. Nuclear programs in this situation can assess 
material and process requirements and their economic benefits and/or consequences. 
 
6.4 Scenario 4 
“Nuclear power could provide 60% of the Kingdom’s energy needs by 2035” 
notes Khaled Toukan the chairman of the Jordan Atomic Energy Commission (JAEC) in 
a July 2009 interview with the Jordan Times [34].  The chairman first speaks of the 
environmental examination of a proposed nuclear site in the Aqaba Governorate for two 
nuclear power plants, each generating approximately 1,500 GWe. Toukan then speaks of 
the search to identify locations to host the third and fourth nuclear reactors Jordan seeks 
to build by the year 2035. Jordan is on the path to nuclear power with agreements and 
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memorandums of understanding between itself and several nations including the United 
States, France, and Korea. 
6.4.1 Scenario 4 Overview 
This scenario encompasses the material movement, economics and 
nonproliferation modules of MEPAT using real-word nuclear capacity goal. The rather 
broad goals set forth for Jordan will be analyzed in this scenario using varying reactor 
types. The first reactor type is a 1.5 GWe light-water reactor with the parameters as listed 
in Table 6.9. The second reactor type is a 500 MWe heavy-water reactor with the 
parameters as listed in Table 6.10.  The overview first describes options set in tabs within 
the MEPAT application in Powersim. The overview then continues to describe 
parameters in sheets within the data spreadsheet. The scenario is simulated using two 
nuclear programs, A and B, one using LWRs and the other using CANDUs. The scenario 
is summarized in this section with supporting information concerning data spreadsheet 
parameters contained in Appendix C. 
 
Table 6.9 Light-water reactor fuel cycle parameters. 
 
Parameter Value
Nuclear Capacity (GWe) 1500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Discharge Burnup (GWd/MTHM) 50
Initial Enrichment 4.51
Tails Assay (%) 0.30  
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Table 6.10. Heavy-water reactor fuel cycle parameters. 
 
Parameter Value
Nuclear Capacity (MWe) 500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Discharge Burnup (GWd/MTHM) 8.3
Initial Enrichment 0.72  
 
  The model uses the first reactor order option set on the “Reactor Order” tab of 
MEPAT, which is a logistic function defining a nuclear capacity goal. The desired 
capacity goal is 4 GWe by 2035. The uranium switch is set of to “unlimited,” and 
removes constraints on process capacity due to ore resources.  The process “capacity 
switch” is set to unlimited and process capacity lending, via the “lending switch,” is set 
“to meet demand.” The settings for the three variables pertaining to uranium resources, 
process capacity and process capacity lending, are set on the “Fuel Order” tab in 
MEPAT. 
The data spreadsheet contains parameters that define calculations within the 
modules for the scenario. The “Basic Parameters” sheet contains reactor and process 
information such as annual maximum reactor order and fuel type selection. The 
availability and reactor lifetimes for both reactor types are 90% and 60 years, 
respectively. The “Reactors” sheet defines reactor ordering for the nuclear programs. 
However, the reactor order option selected negates the use of this sheet. The “Process 
Capacity” sheet defines annual process capacity for the four nuclear programs, excluding 
the reactor process. Setting the process “capacity switch” to unlimited negates the need 
for input on this sheet. 
The “Priorities” sheet contains information pertaining to process capacity and 
reactor priority and preference as well as process capacity priority. The scenario gives 
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priority to domestic process capacity supply with diagonal entries in all matrices. The 
“Material Movement” sheet defines supply relationships for the scenario. Supply 
relationships exist only within a given nuclear program for this scenario. No perturbation 
occurs in the scenario, which negates the need for input on the “Perturbation” sheet.  The 
“Econ Basic” and the “Economics” sheet show the economic parameters used in this 
scenario which are summarized in Table 6.11 [29, 35]. The interest rate during 
construction is 3% and the loan interest rate is 5% for both reactor types.  The absence of 
supply interaction between nuclear programs, and the absence of perturbation in this 
scenario simplifies the number of input parameters. The analysis has a time span of sixty 
years and the process time is three months for the conversion process, and one year for 
the mining/milling, enrichment, and fuel fabrication processes. 
 
Table 6.11. Economic cost parameters for specified reactor types. 
 
LWR CANDU
Mining/Milling ($/kg) 75 75
Conversion ($/kg) 10 10
Enrichment ($/kSWU) 110 n/a
Fuel Fabrication ($/kg) 250 250
Overnight Cost ($/kWe) 2800 2075
Reactor O&M Variable (mills/kWh) 1.8 2.1
Reactor O&M Fixed ($/kWe-yr) 66 66
Disposal ($/kg) 548 548  
 
6.4.2 Scenario 4 Results 
Figure 6.15 gives the nuclear capacity for both reactor types. The first LWR 
begins operation in 2030. By 2036 there are three reactors operating with a capacity of 
4.5 GWe. The end of the simulation shows five reactors in operation with a capacity of 
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7.5 GWe. The first CANDU begins operation in 2028. By 2036 there are eight CANDUs 
operating with a capacity of 4 GWe. The end of the simulation shows fifteen reactors in 
operation with a capacity of 7.5 GWe. CANDU capacity increases linearly from 2029 
until 2043 while LWR increases in steps. The difference in capacity increase is due to the 
nuclear electricity demand and the unit capacity of the reactor types. 
Figure 6.16 shows the mining/milling material quantity for both reactor types. 
The material quantity for this process follows the same increment pattern as reactor 
capacity for the given reactor types. For LWR, each plateau in the mining/milling process 
quantity is equal to the time between ordering of reactors where equilibrium is reached 
because material inflow and outflow are the same. Figure 6.17 shows the conversion 
material quantity that increases in steps for both reactor types. The LWR material 
quantity follows the same pattern as the mining/milling process. The CANDU material 
quantity exhibits a series of shorter steps than shown in the previous process. These 
shorter increment steps are due to the shorter process time for conversion in relation to 
mining/milling and reactor ordering. The CANDUs are ordered annually in the period 
between 2029 and 2043 and the mining/milling process time is one year. However, the 
conversion process time is three months that leaves the material at equilibrium for nine 
months until material flowing into the process via mining/milling process outflow. Figure 
6.18 shows the material quantity for the enrichment process for LWRs. The enrichment 
process follows the same pattern as the mining/milling and conversion process for LWRs. 
The CANDU material quantity is of course absent due to the lack of enrichment process 
in the CANDU fuel cycle. 
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Figure 6.15. Nuclear capacity for scenario using LWR and CANDU. 
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Figure 6.16. Material quantity for the mining/milling process. 
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Figure 6.17. Material quantity for the conversion process. 
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Figure 6.18. Material quantity for the enrichment process. 
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Figure 6.19 shows the material quantity of the fuel fabrication process for both 
reactor types which follow the same incremental pattern as their respective 
mining/milling process. The total material quantity for the LWR is significantly lower 
due to enrichment to meet fuel burnup requirements. The CANDU material quantity, 
which does not undergo enrichment, maintains its original mass. Figure 6.20 shows the 
material quantity for the reactor process for both reactor types. The CANDU material 
quantity follows the same pattern as the mining/milling and fuel fabrication processes. 
The LWR material quantity shows an “s-shaped” increase in material quantity which is 
due to its five year residence time for fuel in the reactors. Figure 6.21 shows the material 
quantity of the disposal process for both reactor types. Both reactors show increase due to 
disposal being the culminating process of the fuel cycle. CANDU material quantity 
outpaces LWR material quantity accrual due to the larger mass of material needed for 
fuel and the shorter fuel residence time for the CANDU. 
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Figure 6.19. Material quantity for the fuel fabrication process. 
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Figure 6.20. Material quantity for the reactor process. 
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Figure 6.21. Material quantity for the disposal process. 
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Table 6.12 shows the annual electricity production, FCC and TCOE; and Table 
6.13 shows costs associated with the specific reactor type used to fulfill nuclear capacity 
in the year 2050. It should be noted that 2050 is chosen as the analysis year due to the 
stability of the fuel cycle processes at the given time. The economic costs reflect the 
process materials for the year considered but that may not reflect material process costs to 
produce fuel for capacity for the given year. For example, mining/milling costs for the 
year 2036 reflects the process capacity needed to meet reactor operations 3.25 years in 
the future. The 3.25 years in the future is the time that the material is in the subsequent 
processes leading to the reactor (i.e. mining/milling, conversion, enrichment, and fuel 
fabrication) which equals 2.25 for the CANDU type due to the absence of the enrichment 
process. In scenario 3, reactor capacity did not vary during the period of analysis 
therefore, costs reflected the constant capacity. 
The following paragraph discusses the factors behind the costs for both reactor 
types. Distinction exists in the material quantity in the fuel cycle processes and in turn the 
costs, due to the fact a larger quantity of uranium is needed and  enrichment processing is 
absent for the CANDU. Front-end costs are comparable for the reactor types due to the 
large quantity of natural uranium needed for fuel fabrication and the lack of enrichment 
for the CANDU. Fuel fabrication costs as shown in Table 6.11 show that the fuel 
fabrication cost is larger than the sum of the costs of the remaining front-end processes. 
Fuel cycle costs differ due to the significantly larger material quantity for disposal by the 
heavy-water reactor type.  
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 Table 6.12. Electricity production and cost ratio for the fuel cycle scenario. 
 
LWR CANDU
Annual Electricity Production   
( billion kWhe)
59 59
Fuel Cycle Cost (FCC) 5.92 13.43
Total Cost of Electricity (TCOE) 34.83 37.78  
 
 
Table 6.13. Fuel cycle scenario cost with LWR and CANDU reactor types. 
 
($M) LWR CANDU Difference
Total Fuel Cycle 350 794 444
Total Front End 268 301 33
 Mining/Milling 104 67 36
Conversion 14 9 5
Enrichment 113 0 113
Fuel Fabrication 37 225 188
Total Back End 82 493 411
Disposal 82 493 411
Total Reactor 1,709 1,440 270
Reactor O&M 600 617 17
Reactor Capital 1,109 822 287
Total 2,059 2,234 175  
 
The disposal process in the scenario includes wet, dry and long-term storage, and 
the cost of disposal given is based on a per unit cost basis. Consideration of disposal on a 
per unit heat basis would significantly decrease the cost difference between the reactor 
types. Dry and long-term storage is limited by the radioactivity and heat properties of the 
container. These properties are a function of the burnup of the fuel not the mass. Heavy-
water reactor spent fuel due to its low burnup would allow for more mass per given 
storage container than the light-water reactor type thus reducing the overall disposal cost. 
Previous research indicates that dry storage costs for a “CANDU system were about 30% 
lower than the LWR system” when normalized to a gross power of 1 GWe [36].  The 
research also resulted in comparable costs of long-term storage between the two reactor 
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types. The use of a per unit heat cost basis is beyond the scope of this economic analysis 
but in a significant factor in cost consideration. 
Reactor cost, which includes capital and operation components, for the light-water 
reactor is higher than heavy-water reactor cost. The difference in the reactor cost is 
primarily due to the reactor overnight cost, as the annual capital cost for the light-water 
reactor is the larger of the two. Reactor capital and operation are the largest components 
of total costs of nuclear power. This leads to a TCOE of 34.83 and 37.78 mills/kWh for 
LWR and CANDU reactors, respectively. The FCC equals 5.92 and 13.43 mills/kWh for 
LWR and CANDU reactors, respectively. Reported costs for nuclear reactors vary 
dramatically and the analysis uses the best available estimates. Xoubi gives Jordan’s 
electricity cost estimates for gas and oil at 60 and 180 mills/kWh, respectively [37].   
Estimates for electricity costs of other energy sources show nuclear may be an 
economically competitive option for power generation for Jordan.  
The following paragraphs include a brief discussion of non-economic factors that 
affect the choice of reactor-type. The factors included in the discussion are electricity grid 
capacity, human resources capabilities and nonproliferation. Currently, Jordan has an 
installed generation capacity of 1,644 MWe from hydro, steam, gas and diesel sources. 
The construction of a 1.5 GWe light-water and a 500 MWe heavy-water reactor in Jordan 
represents 60% and 30% of the installed electricity generation capacity. The national 
electricity grid requires additional infrastructure to accommodate the construction of any 
sized reactor. Dr. Xoubi, a commissioner for the Nuclear Fuel Cycle (JAEC), projects 
Jordan’s electrical grid capacity at three to five GWe between 2015 and 2030 [37]. 
Assuming the fulfillment of this goal a 1.5 GWe unit LWR will represent from 20 to 30% 
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of the installed generating capacity while a 500 MWe heavy-water reactor will represent 
10 to 20%.  
The use of such a large scale generating plant places primary demand on a single 
facility.  “A generally accepted principle is that a single power plant should represent no 
more than 5-10% of the total installed capacity,”  according to the International Atomic 
Energy Agency [38]. Units that are oversized for a grid incur unexpected factors such as 
high costs or undesirable operating performance leads to adverse economic effects on the 
host nation. Normal operating conditions of a reactor also present a challenge. Annual 
refueling of a reactor representing such a large share of capacity would need to be 
carefully planned and managed to minimize the disruption of supply. 
Losses of electricity in the Jordan’s national grid are reported to average 15% 
over the time from 1980 to 2000 [39]. These losses included all losses measured from the 
generating station to the consumer including auxiliary, transmission and distribution 
losses. Auxiliary losses, at 6.5% represent the electricity diverted to support the 
generating station needs. The auxiliary loss is approximately 2% higher than auxiliary 
losses typical for developed countries. This loss is attributed to the smaller generation 
unit size and the use of less efficient technology. The introduction of higher efficiency 
technology could lower these losses. Construction of the light-water reactor type in 
Jordan may decrease auxiliary losses due to the increased per unit capacity. Transmission 
loses average 2%, due to the distance of generating units from load centers. 
Implementation of the heavy water reactor type may decrease transmission losses due to 
the increased number of units, which may be located closer to load centers. The 
distribution loss comprises the largest component of loss at 7-8%. These losses stem from 
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the low density of demand load in rural areas. A reconfiguration of the network and the 
addition of capacitors to increase the power factor can lower these losses.  
Human resource capability development is also a factor in the introduction of 
nuclear power. Jordan has recognized this need and has contracted to build a research 
reactor to train domestic engineers. Jordan is also collaborating with nuclear education 
programs in other countries to set up their own nuclear engineering program at the Jordan 
University of Science and Technology.  
The use of a nuclear fuel cycle model gives cost estimates and implementation 
strategies for the two reactor types: a larger light-water reactor and a smaller heavy-water 
reactor. Economic costs shown in Table 6.12 favor the adoption of the light-water reactor 
type. However, it is noted that best estimates available are used in the analysis and cost 
may vary depending on economic factors such as interest rates and fuel cycle contract 
price. Accommodation of installation of a nuclear power reactor in Jordan requires major 
upgrades to the national electricity grid. Jordan has acknowledged this requirement and is 
working to increase grid capacity.  
Figure 6.22 illustrates the nuclear security measure as described in Chapter 5 for 
the implementation of light and heavy-water reactor types in this scenario. The model 
uses default constants for all nonproliferation measure attributes not related to material 
with the exception of the fuel load type attribute. The attribute assigns a unitary value to 
processes with continuous loading and a zero value to processes with batch loading. The 
reactor process for the heavy-water reactor type is assumed as continuous while the light-
water reactor process is assumed as batch. MEPAT assumes a nuclear security of one 
when material is absent in the system. 
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Figure 6.22. Nuclear security measure of scenario. 
 
An overall downward trend with discrete steps exists for both reactor types, with 
material entering the system earlier for the heavy-water reactors. The discrete steps are 
due to reactor capacity demand and per unit capacity size as discussed previously in 
section two of this chapter. The trend is due to the difference in the proliferation 
resistance measure between the processes. Figure 5.2 illustrates the difference in the 
proliferation resistance measure for the fuel cycle processes for the light-water reactor 
type. The mining/milling process has the highest value with conversion, enrichment 
having successively lower values, the proliferation resistance increases for the fuel 
fabrication and reactor processes, and the disposal process has the lowest proliferation 
resistance value for the fuel cycle. During the beginning of the scenario, material is 
located in the mining/milling process leading to the largest influence on the nuclear 
security measure. Material propagates through the system to other processes leading to a 
decrease in the nuclear security and reflecting their lower values of proliferation 
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resistance. An uptick in the nuclear security measure results from material entering the 
fuel fabrication and reactor process. This pattern repeats for each additional reactor order 
as material enters the fuel cycle albeit with a smaller impact on the nuclear security 
measure due to the relative fraction of total material in the system.  
Using CANDUs to fill nuclear electricity capacity demand leads to a lower 
nuclear security measure. This is due to two important factors, the use of natural uranium 
and continuous fuel loading. The use of enriched uranium by LWR affects the nuclear 
security measure by increasing the heat and dose rate as well as overall significant 
quantities and significant quantity concentration in a process. These factors contribute to 
the nuclear security measure and decrease the measure value for the light-water reactor 
type.  The nuclear security measure’s final attribute is a binary component relating to fuel 
loading type. CANDU continuous loading leads to a lower attribute value and therefore 
nuclear security measure. The use of the model to highlight the security benefits of 
alternate reactor types could affect reactor choice and economics as well. Concerned 
suppliers might be willing to incur a loss on nuclear fuel supply for the tradeoff of 
additional security. 
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CHAPTER 7 CONCLUSIONS
 
The ultimate goal of this dissertation research was the analysis of international 
nuclear fuel supply options. In order to accomplish this goal, the Material, Economics 
and Proliferation Assessment Tool (MEPAT) was developed.  It is acknowledged that 
results are only as relevant as the data entered. In development, MEPAT uses a simplified 
structure while accurately representing functions and methods. Previous research makes 
note that development of a large-scale model should defer towards simplicity to increase 
the user base [40, 41]. The utility of the tool for option analysis is shown in the fuel cycle 
scenarios presented in the preceding chapter. MEPAT as denoted in its title contains 
assessments features focusing on material movement between nuclear programs. Results 
for the material module are then used for nonproliferation and economic assessments. 
The integration of those three diverse aspects in a system analysis tool provides new and 
original insight into fuel supply option analysis not found in previous work. The 
following two sections summarize the dissertation work and discuss future research areas 
that may stem from this dissertation. Three appendices follow this chapter with A 
including illustration of MEPAT, B including fuel composition information as used in 
MEPAT and calculated in ORIGEN-ARP, and C which illustrates input parameters used 
in MEPAT for the economic comparison in Chapter 4 and the third and fourth scenarios 
in Chapter 6. The appendices are followed by a biography of the author. 
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7.1 Summary  
The dissertation presents an analysis of nuclear fuel supply options and the 
development of MEPAT to accomplish the analysis. The dissertation begins with a 
review of studies, models, and codes used in comparison and development through the 
research. The dissertation continues on to overview the structure of MEPAT including 
broad illustrations of the application in Powersim and data spreadsheet. Subsequent 
chapters describe primary functions and methods used in the material movement, 
nonproliferation and economic modules. MEPAT is validated for each module by 
comparison to previously published research results. Chapter 4 contains material flow 
and composition validations while chapter 5 contains nonproliferation and economic 
comparisons for validation. 
The material movement module incorporates basic nuclear engineering theory 
with operations research and logic techniques to simulate material movement between 
nuclear programs. The nonproliferation module incorporates a modified proliferation 
resistance measures. The measures are modified to use the available, more  detailed 
information resulting from the material movement module. The measures are also given a 
dynamic aspect. The economic module includes cost calculation for each process, 
electricity generation and the economic cost ratio measures.  
 
7.2 Future Research Areas 
Three functions are thought to have significant impact on MEPAT capabilities 
and are recommended for future research. The incorporation of additional reactor types, 
linkage to a fuel depletion model, and the addition of reprocessing ability. The 
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incorporation of addition reactor types considered will improve the range of analysis with 
MEPAT. The scope of the research is limited to light and heavy-water reactor types due 
to their current dominant usage in the nuclear industry. MEPAT contain five fuel 
compositions for light and heavy-water reactor types. Additional reactor types 
recommended for incorporation include small-to-medium and gas-cooled reactor 
concepts. MEPAT needs a specific neutronic analysis of reactor types used in the model. 
The neutronic analysis provides input for a fuel depletion code. The use of MCNP to 
model the reactor concept and provide the neutronics and ORIGEN as a fuel depletion 
code can accomplish these tasks [32, 42]. Programs such as the MONTEBURNS 
program have been created to aid in the coupling of neutronic and isotopic deletion codes 
[43]. However, the creation of such codes for a reactor type is a not a trivial research task 
[44, 45]. 
A fuel depletion model coupled with MEPAT will allow for the assessment of 
nuclear decay during scenario analysis. This may be a pertinent factor in the analysis of 
isotopes in the disposal process. The VISTA code uses the CAIN depletion codes within 
its model for decay and reactor inventory and is an example of such a coupling [7]. 
OASIS (ORIGEN and ARP Simplified Input System) is a code that modifies ORIGEN 
into a C++ format for linkage to other codes [46]. OASIS is currently under development 
as collaboration between North Carolina State University researchers and the Oak Ridge 
National Laboratory (ORNL). ORNL develops the ORIGEN code as a part of the SCALE 
package. OASIS is currently in a testing phase and slated for inclusion in the next 
SCALE package release [47]. 
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The dissertation work is limited in scope to once-through fuel cycle scenarios due 
to their primary use in the mid-to-long term concerning international fuel supply options. 
A significant addition to MEPAT would be the development of a reprocessing process.  
This addition would allow for the analysis of closed fuel cycles. A module defining 
reprocessing calculations including the definition of reprocessed versus fresh material use 
as well as new user-input and links to the data spreadsheet would need to be created. A 
reprocessing process would have links to both the front and back-end processes. The 
process would use disposal and possible front-end waste streams as input. Product 
material from the process would flow into the front-end requiring changes to material 
quantity demands. The undertaking of the addition of reprocessing would also encompass 
the selection of a reprocessing technique and material composition simulation of the 
selected technique. 
 
7.3 Conclusion 
The model developed within this dissertation research has definite limitations of 
scope. It is the belief of the author, that the open-source nature of the model will spur 
future development by users and researchers. It is the intent of the author that these 
developers extend the scope of the model far beyond its foundation. Many nations seek 
the expansion or creation of nuclear power within their borders. As these nations strive 
for increased nuclear power, an assessment tool showing the impact of expansion 
strategies is essential.   
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APPENDIX A MEPAT ILLUSTRATIONS 
 
This appendix contains illustration of MEPAT in detail as previously stated. The 
appendix contains four sections. The first are the illustrations of the material movement 
function contained in Chapter 4. The second and third sections pertain to illustrations of 
the nonproliferation and economic calculations as described in Chapter 5. The fourth 
section contains illustrations of the input file. Figure A.1 illustrates the introductory tab, 
which is the navigation page of the model and includes links to all other tabs. Selected 
variables in the model have distinct coloring. The color pink denotes variables that have 
been input from the spreadsheet interface. The color green denotes variables that have 
been input in the model interface. The color blue denotes variables that are main 
calculations of the tab and used in calculations in another tab or output. 
 
 
 
 
 
Figure A.1. Illustration of the navigation page. 
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A.1  MATERIAL MOVEMENT 
 
MEPAT has three main modules, material movement, nonproliferation and 
economics. These components are contained in nine tabs, “Reactor Order”, “Fuel Order”, 
“Reactor Demand”, “Fuel Demand”, “Lending”, “Material Flow”, “Material 
Composition”, “Nonproliferation” and “Economics”. The first seven tabs of the nine in 
the model contain the input and calculations for the material movement functionalities.  
Figures A.2. through A.23 illustrate these tabs and their mechanisms. 
 
 
 
 
 
 
Figure A.2. Illustration of the “Reactor Order” tab. 
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Figure A.3. Interface for reactor order mechanisms located on “Reactor Order” tab. 
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Figure A.4. Illustration of interface for the definition of reactor order mechanism constants, located on 
“Reactor Order” tab. 
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Figure A.5. Illustration of the “Fuel Order” tab. 
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Figure A.6. Illustration of interface for setting capacity switch, uranium switch and capacity lending 
mechanisms, located on the “Fuel Order” tab. 
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Figure A.7. Illustration of “Reactor Demand” tab  
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Figure A.8. Illustration of reactor order mechanisms, located on “Reactor Demand” tab. 
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Figure A.9. Illustration of reactor order function, located on “Reactor Demand” tab.
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Figure A.10. Partial illustration of “Fuel Demand” tab. 
 
 
 
 
 
 
 
 
 
 
 153
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.11. Illustration of calculation of ‘Natural U Demand’ variable, located on “Fuel Demand” tab. 
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Figure A.12. Partial illustration of “Fuel Demand” tab. 
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Figure A.13. Illustration of calculation of process capacity for a specified nuclear program, located on  
“Fuel Demand” tab. 
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Figure A.14. Partial illustration of “Lending” tab. 
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Figure A.15. Illustration of priority, supply relationship, and perturbation variables, located on the 
“Lending” tab. 
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Figure A.16. Partial illustration of “Lending” tab. 
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Figure A.17. Partial illustration of “Lending” tab. 
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Figure A.18. Partial illustration of “Lending” tab. 
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Figure A.19. Illustration of “Material Flow” tab. 
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Figure A.20. Illustration of “Material Flow” tab. 
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Figure A.21.  Illustration of the “Material Composition” tab. 
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Figure A.22.  Illustration of the “Material Composition” tab. 
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Figure A.23.  Illustration of the “Material Composition” tab. 
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A.2  NONPROLIFERATION 
 
MEPAT has three main modules, material movement, nonproliferation and 
economics, contained in nine tabs with the research model, “Reactor Order”, “Fuel 
Order”, “Reactor Demand”, “Fuel Demand”, “Lending”, “Material Flow”, “Material 
Composition”, “Nonproliferation” and “Economics”. The eighth tab of the nine contains 
the input and calculations for the nonproliferation measure.  Figures A.24 through A.27 
illustrate this tab and its calculations. 
 
 
 
 
Figure A.24. Partial illustration of the “Nonproliferation” tab. 
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Figure A.25. Partial illustration of the “Nonproliferation” tab. 
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Figure A.26. Partial illustration of the “Nonproliferation” tab. 
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Figure A.27. Partial illustration of the “Nonproliferation” tab. 
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A.3  ECONOMICS 
The model has three main modules, material movement, nonproliferation and 
economics, contained in nine tabs with the research model, “Reactor Order”, “Fuel 
Order”, “Reactor Demand”, “Fuel Demand”, “Lending”, “Material Flow”, “Material 
Composition”, “Nonproliferation” and “Economics”. The ninth tab of the nine in the 
model contains the input and calculations for economics.  Figures A.28 through A.30 
illustrate this tab and its calculations. 
 
 
 
 
Figure A.28. Partial illustration of the “Economics” tab. 
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Figure A.29. Partial illustration of the “Economics” tab. 
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Figure A.30. Partial illustration of the “Economics” tab. 
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 A.4  SPREADSHEET INPUT 
 
This section includes illustration of the input contained in ten sheets of a Microsoft 
Excel file. The sheet are denoted as follows;  “Basic Parameters”, “Priorities”, “Material 
Movement”, “Reactors”, “Process Capacity”, “Perturbation”, “Fuel Composition”, 
“Nonproliferation,” “Econ Basic”, and “Economics”. Figures A.31 through A.50 
illustrate the tabs and its input parameters. 
 
 
 
Figure A.31. Illustration of the “Basic Parameters” sheet. 
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Parameter
Maximum Annual Reactor Order 4
Mining & Milling Process Time 1
Conversion Process Time 0.25
Fabrication Time 1
Mining & Milling Process Factor 0.995
Conversion Process Factor 0.995
Enrichment Process Factor 0.995
Fabrication Process Factor 0.995
Parameter Reactor Type 1 Reactor Type 2 Reactor Type 3
Enrichm ent Tim e 1 0 1
Ordering Lic & Const Time 5 5 5
Fuel Type 2 2 2
Availability Reactor Type 1 Reactor Type 2 
Program A 0.9 0.9
Program B 0.9 0.9
Program C 0.9 0.9
Program D 0.9 0.9
Reactor Lifetime Reactor Type 1 Reactor Type 2 
(yr)
Program A 5 5
Program B 5 5
Program C 5 5
Program D 5 5
Tails Assay Reactor Type 1 Reactor Type 2 
(%)
Program A 0.25 0.25
Program B 0.25 0.25
Program C 0.25 0.25
Program D 0.25 0.25
Thermal Efficiency Reactor Type 1 Reactor Type 2 
Program A 0.38 0.38
Program B 0.38 0.38
Program C 0.38 0.38
Program D 0.38 0.38
 
Figure A.32. Illustration of input parameters contained on the “Basic Parameters” sheet.  
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Figure A.33. Illustration of the “Priorities” sheet.  
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A B C D
A 2 1 1 1
B 1 2 1 1
C 1 1 2 1
D 1 1 1 2
A B C D
A 2 1 1 1
B 1 2 1 1
C 1 1 2 1
D 1 1 1 2
A B C D
A 2 1 1 1
B 1 2 1 1
C 1 1 2 1
D 1 1 1 2
A B C D
A 2 1 1 1
B 1 2 1 1
C 1 1 2 1
D 1 1 1 2
A B C D
A 2 1 1 1
B 1 2 1 1
C 1 1 2 1
D 1 1 1 2
Fuel Fabrication
Disposal
Process Capacity Lending Priority
Mining & Milling 
Conversion
Enrichment 
Reactor Type 1 Reactor Type 2 Reactor Type 3
Program A 3 2 1
Program B 3 2 1
Program C 3 2 1
Program D 3 2 1
Program Reactor Priority
Reactor Type 1 Reactor Type 2 Reactor Type 3
Program A 1 0 0
Program B 1 0 0
Program C 1 0 0
Program D 1 0 0
Program Reactor Prefernce
 
Figure A.34. Illustration of input parameters contained on the “Priorities” sheet.  
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Figure A.35. Illustration of the “Material Movement” sheet.  
 178
 
 
 
Output Decsion Matrix Numerical Output Decsion Matrix Binary
Supply  
Mining & Milling Mining & Milling
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 0 0 0
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0
Conversion Conversion
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 0 0 0
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0
Enrichment Enrichment
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 0 0 0
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0
Fuel Fabrication Fuel Fabrication
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 0 0 0
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0
Reactors Reactors
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 1 0 0
C 0 0 0 0 C 0 0 1 0
D 0 0 0 0 D 0 0 0 1
Disposal Disposal
A B C D A B C D
A 0 0 0 0 A 1 0 0 0
B 0 0 0 0 B 0 0 0 0
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0  
 
Figure A.36. Illustration of input parameters contained on the “Material Movement” sheet.  
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This sheet define nuclear electricity demand in annual Gwe by program and new reactor orders and existing reactors by program and reactor type
Year Program A Program B Program C Program D Year Year
2000 0 0 0 0 2000 0 0 0 0 0 0 0 0 0 1 0 0 2000 0 0 0 0 0 0 0 0 0 0 0 0
2001 0 0 0 0 2001 0 0 0 0 0 0 0 0 0 0 0 0 2001 0 0 0 0 0 0 0 0 0 0 0 0
2002 0 0 0 0 2002 0 0 0 0 0 0 0 0 0 0 0 0 2002 0 0 0 0 0 0 0 0 0 0 0 0
2003 0 0 0 0 2003 0 0 0 0 0 0 0 0 0 0 0 0 2003 0 0 0 0 0 0 0 0 0 0 0 0
2004 0 0 0 0 2004 0 0 0 0 0 0 0 0 0 0 0 0 2004 0 0 0 0 0 0 0 0 0 0 0 0
2005 0 0 0 0 2005 0 0 0 0 0 0 0 0 0 0 0 0 2005 0 0 0 0 0 0 0 0 0 0 0 0
2006 0 0 0 0 2006 0 0 0 0 0 0 0 0 0 0 0 0 2006 0 0 0 0 0 0 0 0 0 0 0 0
2007 0 0 0 0 2007 0 0 0 0 0 0 0 0 0 0 0 0 2007 0 0 0 0 0 0 0 0 0 0 0 0
2008 0 0 0 0 2008 0 0 0 0 0 0 0 0 0 0 0 0 2008 0 0 0 0 0 0 0 0 0 0 0 0
2009 0 0 0 0 2009 0 0 0 0 0 0 0 0 0 0 0 0 2009 0 0 0 0 0 0 0 0 0 0 0 0
2010 0 0 0 0 2010 0 0 0 0 0 0 0 0 0 0 0 0 2010 0 0 0 0 0 0 0 0 0 0 0 0
2011 0 0 0 0 2011 0 0 0 0 0 0 0 0 0 0 0 0 2011 0 0 0 0 0 0 0 0 0 0 0 0
2012 0 0 0 0 2012 0 0 0 0 0 0 0 0 0 0 0 0 2012 0 0 0 0 0 0 0 0 0 0 0 0
2013 0 0 0 0 2013 0 0 0 0 0 0 0 0 0 0 0 0 2013 0 0 0 0 0 0 0 0 0 0 0 0
2014 0 0 0 0 2014 0 0 0 0 0 0 0 0 0 0 0 0 2014 0 0 0 0 0 0 0 0 0 0 0 0
2015 0 0 0 0 2015 0 0 0 0 0 0 0 0 0 0 0 0 2015 0 0 0 0 0 0 0 0 0 0 0 0
2016 0 0 0 0 2016 0 0 0 0 0 0 0 0 0 0 0 0 2016 0 0 0 0 0 0 0 0 0 0 0 0
2017 0 0 0 0 2017 0 0 0 0 0 0 0 0 0 0 0 0 2017 0 0 0 0 0 0 0 0 0 0 0 0
2018 0 0 0 0 2018 0 0 0 0 0 0 0 0 0 0 0 0 2018 0 0 0 0 0 0 0 0 0 0 0 0
2019 0 0 0 0 2019 0 0 0 0 0 0 0 0 0 0 0 0 2019 0 0 0 0 0 0 0 0 0 0 0 0
2020 0 0 0 0 2020 0 0 0 0 0 0 0 0 0 0 0 0 2020 0 0 0 0 0 0 0 0 0 0 0 0
2021 0 0 0 0 2021 0 0 0 0 0 0 0 0 0 0 0 0 2021 0 0 0 0 0 0 0 0 0 0 0 0
2022 0 0 0 0 2022 0 0 0 0 0 0 0 0 0 0 0 0 2022 0 0 0 0 0 0 0 0 0 0 0 0
2023 0 0 0 0 2023 0 0 0 0 0 0 0 0 0 0 0 0 2023 0 0 0 0 0 0 0 0 0 0 0 0
2024 0 0 0 0 2024 0 0 0 0 0 0 0 0 0 0 0 0 2024 0 0 0 0 0 0 0 0 0 0 0 0
2025 0 0 0 0 2025 0 0 0 0 0 0 0 0 0 0 0 0 2025 0 0 0 0 0 0 0 0 0 0 0 0
2026 0 0 0 0 2026 0 0 0 0 0 0 0 0 0 0 0 0 2026 0 0 0 0 0 0 0 0 0 0 0 0
2027 0 0 0 0 2027 0 0 0 0 0 0 0 0 0 0 0 0 2027 0 0 0 0 0 0 0 0 0 0 0 0
2028 0 0 0 0 2028 0 0 0 0 0 0 0 0 0 0 0 0 2028 0 0 0 0 0 0 0 0 0 0 0 0
2029 0 0 0 0 2029 0 0 0 0 0 0 0 0 0 0 0 0 2029 0 0 0 0 0 0 0 0 0 0 0 0
2030 0 0 0 0 2030 0 0 0 0 0 0 0 0 0 0 0 0 2030 0 0 0 0 0 0 0 0 0 0 0 0
2031 0 0 0 0 2031 0 0 0 0 0 0 0 0 0 0 0 0 2031 0 0 0 0 0 0 0 0 0 0 0 0
2032 0 0 0 0 2032 0 0 0 0 0 0 0 0 0 0 0 0 2032 0 0 0 0 0 0 0 0 0 0 0 0
2033 0 0 0 0 2033 0 0 0 0 0 0 0 0 0 0 0 0 2033 0 0 0 0 0 0 0 0 0 0 0 0
2034 0 0 0 0 2034 0 0 0 0 0 0 0 0 0 0 0 0 2034 0 0 0 0 0 0 0 0 0 0 0 0
2035 0 0 0 0 2035 0 0 0 0 0 0 0 0 0 0 0 0 2035 0 0 0 0 0 0 0 0 0 0 0 0
2036 0 0 0 0 2036 0 0 0 0 0 0 0 0 0 0 0 0 2036 0 0 0 0 0 0 0 0 0 0 0 0
2037 0 0 0 0 2037 0 0 0 0 0 0 0 0 0 0 0 0 2037 0 0 0 0 0 0 0 0 0 0 0 0
2038 0 0 0 0 2038 0 0 0 0 0 0 0 0 0 0 0 0 2038 0 0 0 0 0 0 0 0 0 0 0 0
2039 0 0 0 0 2039 0 0 0 0 0 0 0 0 0 0 0 0 2039 0 0 0 0 0 0 0 0 0 0 0 0
2040 0 0 0 0 2040 0 0 0 0 0 0 0 0 0 0 0 0 2040 0 0 0 0 0 0 0 0 0 0 0 0
2041 0 0 0 0 2041 0 0 0 0 0 0 0 0 0 0 0 0 2041 0 0 0 0 0 0 0 0 0 0 0 0
2042 0 0 0 0 2042 0 0 0 0 0 0 0 0 0 0 0 0 2042 0 0 0 0 0 0 0 0 0 0 0 0
2043 0 0 0 0 2043 0 0 0 0 0 0 0 0 0 0 0 0 2043 0 0 0 0 0 0 0 0 0 0 0 0
2044 0 0 0 0 2044 0 0 0 0 0 0 0 0 0 0 0 0 2044 0 0 0 0 0 0 0 0 0 0 0 0
2045 0 0 0 0 2045 0 0 0 0 0 0 0 0 0 0 0 0 2045 0 0 0 0 0 0 0 0 0 0 0 0
2046 0 0 0 0 2046 0 0 0 0 0 0 0 0 0 0 0 0 2046 0 0 0 0 0 0 0 0 0 0 0 0
2047 0 0 0 0 2047 0 0 0 0 0 0 0 0 0 0 0 0 2047 0 0 0 0 0 0 0 0 0 0 0 0
2048 0 0 0 0 2048 0 0 0 0 0 0 0 0 0 0 0 0 2048 0 0 0 0 0 0 0 0 0 0 0 0
2049 0 0 0 0 2049 0 0 0 0 0 0 0 0 0 0 0 0 2049 0 0 0 0 0 0 0 0 0 0 0 0
2050 0 0 0 0 2050 0 0 0 0 0 0 0 0 0 0 0 0 2050 0 0 0 0 0 0 0 0 0 0 0 0
2051 0 0 0 0 2051 0 0 0 0 0 0 0 0 0 0 0 0 2051 0 0 0 0 0 0 0 0 0 0 0 0
2052 0 0 0 0 2052 0 0 0 0 0 0 0 0 0 0 0 0 2052 0 0 0 0 0 0 0 0 0 0 0 0
2053 0 0 0 0 2053 0 0 0 0 0 0 0 0 0 0 0 0 2053 0 0 0 0 0 0 0 0 0 0 0 0
2054 0 0 0 0 2054 0 0 0 0 0 0 0 0 0 0 0 0 2054 0 0 0 0 0 0 0 0 0 0 0 0
2055 0 0 0 0 2055 0 0 0 0 0 0 0 0 0 0 0 0 2055 0 0 0 0 0 0 0 0 0 0 0 0
2056 0 0 0 0 2056 0 0 0 0 0 0 0 0 0 0 0 0 2056 0 0 0 0 0 0 0 0 0 0 0 0
2057 0 0 0 0 2057 0 0 0 0 0 0 0 0 0 0 0 0 2057 0 0 0 0 0 0 0 0 0 0 0 0
2058 0 0 0 0 2058 0 0 0 0 0 0 0 0 0 0 0 0 2058 0 0 0 0 0 0 0 0 0 0 0 0
2059 0 0 0 0 2059 0 0 0 0 0 0 0 0 0 0 0 0 2059 0 0 0 0 0 0 0 0 0 0 0 0
2060 0 0 0 0 2060 0 0 0 0 0 0 0 0 0 0 0 0 2060 0 0 0 0 0 0 0 0 0 0 0 0
2061 0 0 0 0 2061 0 0 0 0 0 0 0 0 0 0 0 0 2061 0 0 0 0 0 0 0 0 0 0 0 0
2062 0 0 0 0 2062 0 0 0 0 0 0 0 0 0 0 0 0 2062 0 0 0 0 0 0 0 0 0 0 0 0
2063 0 0 0 0 2063 0 0 0 0 0 0 0 0 0 0 0 0 2063 0 0 0 0 0 0 0 0 0 0 0 0
2064 0 0 0 0 2064 0 0 0 0 0 0 0 0 0 0 0 0 2064 0 0 0 0 0 0 0 0 0 0 0 0
2065 0 0 0 0 2065 0 0 0 0 0 0 0 0 0 0 0 0 2065 0 0 0 0 0 0 0 0 0 0 0 0
2066 0 0 0 0 2066 0 0 0 0 0 0 0 0 0 0 0 0 2066 0 0 0 0 0 0 0 0 0 0 0 0
2067 0 0 0 0 2067 0 0 0 0 0 0 0 0 0 0 0 0 2067 0 0 0 0 0 0 0 0 0 0 0 0
2068 0 0 0 0 2068 0 0 0 0 0 0 0 0 0 0 0 0 2068 0 0 0 0 0 0 0 0 0 0 0 0
2069 0 0 0 0 2069 0 0 0 0 0 0 0 0 0 0 0 0 2069 0 0 0 0 0 0 0 0 0 0 0 0
2070 0 0 0 0 2070 0 0 0 0 0 0 0 0 0 0 0 0 2070 0 0 0 0 0 0 0 0 0 0 0 0
2071 0 0 0 0 2071 0 0 0 0 0 0 0 0 0 0 0 0 2071 0 0 0 0 0 0 0 0 0 0 0 0
2072 0 0 0 0 2072 0 0 0 0 0 0 0 0 0 0 0 0 2072 0 0 0 0 0 0 0 0 0 0 0 0
2073 0 0 0 0 2073 0 0 0 0 0 0 0 0 0 0 0 0 2073 0 0 0 0 0 0 0 0 0 0 0 0
2074 0 0 0 0 2074 0 0 0 0 0 0 0 0 0 0 0 0 2074 0 0 0 0 0 0 0 0 0 0 0 0
2075 0 0 0 0 2075 0 0 0 0 0 0 0 0 0 0 0 0 2075 0 0 0 0 0 0 0 0 0 0 0 0
2076 0 0 0 0 2076 0 0 0 0 0 0 0 0 0 0 0 0 2076 0 0 0 0 0 0 0 0 0 0 0 0
2077 0 0 0 0 2077 0 0 0 0 0 0 0 0 0 0 0 0 2077 0 0 0 0 0 0 0 0 0 0 0 0
2078 0 0 0 0 2078 0 0 0 0 0 0 0 0 0 0 0 0 2078 0 0 0 0 0 0 0 0 0 0 0 0
2079 0 0 0 0 2079 0 0 0 0 0 0 0 0 0 0 0 0 2079 0 0 0 0 0 0 0 0 0 0 0 0
2080 0 0 0 0 2080 0 0 0 0 0 0 0 0 0 0 0 0 2080 0 0 0 0 0 0 0 0 0 0 0 0
2081 0 0 0 0 2081 0 0 0 0 0 0 0 0 0 0 0 0 2081 0 0 0 0 0 0 0 0 0 0 0 0
2082 0 0 0 0 2082 0 0 0 0 0 0 0 0 0 0 0 0 2082 0 0 0 0 0 0 0 0 0 0 0 0
2083 0 0 0 0 2083 0 0 0 0 0 0 0 0 0 0 0 0 2083 0 0 0 0 0 0 0 0 0 0 0 0
2084 0 0 0 0 2084 0 0 0 0 0 0 0 0 0 0 0 0 2084 0 0 0 0 0 0 0 0 0 0 0 0
2085 0 0 0 0 2085 0 0 0 0 0 0 0 0 0 0 0 0 2085 0 0 0 0 0 0 0 0 0 0 0 0
2086 0 0 0 0 2086 0 0 0 0 0 0 0 0 0 0 0 0 2086 0 0 0 0 0 0 0 0 0 0 0 0
2087 0 0 0 0 2087 0 0 0 0 0 0 0 0 0 0 0 0 2087 0 0 0 0 0 0 0 0 0 0 0 0
2088 0 0 0 0 2088 0 0 0 0 0 0 0 0 0 0 0 0 2088 0 0 0 0 0 0 0 0 0 0 0 0
2089 0 0 0 0 2089 0 0 0 0 0 0 0 0 0 0 0 0 2089 0 0 0 0 0 0 0 0 0 0 0 0
2090 0 0 0 0 2090 0 0 0 0 0 0 0 0 0 0 0 0 2090 0 0 0 0 0 0 0 0 0 0 0 0
2091 0 0 0 0 2091 0 0 0 0 0 0 0 0 0 0 0 0 2091 0 0 0 0 0 0 0 0 0 0 0 0
2092 0 0 0 0 2092 0 0 0 0 0 0 0 0 0 0 0 0 2092 0 0 0 0 0 0 0 0 0 0 0 0
2093 0 0 0 0 2093 0 0 0 0 0 0 0 0 0 0 0 0 2093 0 0 0 0 0 0 0 0 0 0 0 0
2094 0 0 0 0 2094 0 0 0 0 0 0 0 0 0 0 0 0 2094 0 0 0 0 0 0 0 0 0 0 0 0
2095 0 0 0 0 2095 0 0 0 0 0 0 0 0 0 0 0 0 2095 0 0 0 0 0 0 0 0 0 0 0 0
2096 0 0 0 0 2096 0 0 0 0 0 0 0 0 0 0 0 0 2096 0 0 0 0 0 0 0 0 0 0 0 0
2097 0 0 0 0 2097 0 0 0 0 0 0 0 0 0 0 0 0 2097 0 0 0 0 0 0 0 0 0 0 0 0
2098 0 0 0 0 2098 0 0 0 0 0 0 0 0 0 0 0 0 2098 0 0 0 0 0 0 0 0 0 0 0 0
2099 0 0 0 0 2099 0 0 0 0 0 0 0 0 0 0 0 0 2099 0 0 0 0 0 0 0 0 0 0 0 0
2100 0 0 0 0 2100 0 0 0 0 0 0 0 0 0 0 0 0 2100 0 0 0 0 0 0 0 0 0 0 0 0
Program A
Reactors to Order Existing Reactors
Program D
Nuclear Electricity Demand (GWea)
Program A Program B Program CProgram DProgram CProgram B
 
 
Figure A.37. Illustration of the “Reactors” sheet. 
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Figure A.38. a- c Illustration of input parameters contained on the “Reactors” sheet.   
 
Year Program A Program B Program C Program D
2000 20 0 100 0
2001 20 0 100 0
2002 20 0 100 0
2003 20 0 100 0
2004 20 0 100 0
2005 20 0 100 0
2006 20 0 100 0
2007 20 0 100 0
2008 20 0 100 0
2009 20 0 100 0
2010 20 0 100 0
2011 20 0 100 0
Nuclear Electricity Demand (GWea)
Year
RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Ty
2000 0 0 0 0 0 0 3 0 0 1 0
2001 0 0 0 0 0 0 0 0 0 0 0
2002 0 0 0 0 0 0 0 0 0 0 0
2003 0 0 0 0 0 0 0 0 0 0 0
2004 0 0 0 0 0 0 0 0 0 0 0
2005 5 0 0 0 0 0 0 0 0 0 0
2006 0 0 0 0 0 0 0 0 0 0 0
2007 0 0 0 0 0 0 0 0 0 0 0
2008 0 0 0 0 0 0 0 0 0 0 0
2009 0 0 0 0 0 0 0 0 0 0 0
2010 0 0 0 0 0 0 0 0 0 0 0
2011 0 0 0 0 0 0 0 0 0 0 0
Program A
Reactors to Order
Program DProgram CProgram B
pe 3
0
0
0
0
0
0
0
0
0
0
0
0
Year
RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Type 3 RX Type 1 RX Type 2 RX Type 3
2000 147 0 0 0 0 0 67 0 0 0 0 0
2001 147 0 0 0 0 0 67 0 0 0 0 0
2002 147 0 0 0 0 0 67 0 0 0 0 0
2003 147 0 0 0 0 0 67 0 0 0 0 0
2004 147 0 0 0 0 0 67 0 0 0 0 0
2005 147 0 0 0 0 0 67 0 0 0 0 0
2006 147 0 0 0 0 0 67 0 0 0 0 0
2007 147 0 0 0 0 0 67 0 0 0 0 0
2008 147 0 0 0 0 0 67 0 0 0 0 0
2009 147 0 0 0 0 0 67 0 0 0 0 0
2010 147 0 0 0 0 0 67 0 0 0 0 0
2011 147 0 0 0 0 0 67 0 0 0 0 0
2012 147 0 0 0 0 0 67 0 0 0 0 0
Existing Reactors
Program DProgram A Program B Program C
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Figure A.39. Illustration of input parameters contained on the “Process Capacity” sheet.   
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kt U kt U kSWU kt HM tHM
Year Mining & Milling Conversion Enrichment Fabrication Disposal
2000 3.76E+00 1.27E+01 18700 3.9 62
2001 3.76E+00 1.27E+01 18700 3.9 62
2002 3.76E+00 1.27E+01 18700 3.9 62
2003 3.76E+00 1.27E+01 18700 3.9 62
2004 3.76E+00 1.27E+01 18700 3.9 62
2005 3.76E+00 1.27E+01 18700 3.9 62
2006 3.76E+00 1.27E+01 18700 3.9 62
2007 3.76E+00 1.27E+01 18700 3.9 62
2008 3.76E+00 1.27E+01 18700 3.9 62
2009 3.76E+00 1.27E+01 18700 3.9 62
2010 3.76E+00 1.27E+01 18700 3.9 62
2011 3.76E+00 1.27E+01 18700 3.9 62
2012 3.76E+00 1.27E+01 18700 3.9 62
2013 3.76E+00 1.27E+01 18700 3.9 62
2014 3.76E+00 1.27E+01 18700 3.9 62
2015 3.76E+00 1.27E+01 18700 3.9 62
2016 3.76E+00 1.27E+01 18700 3.9 62
2017 3.76E+00 1.27E+01 18700 3.9 62
2018 3.76E+00 1.27E+01 18700 3.9 62
2019 3.76E+00 1.27E+01 18700 3.9 62
2020 3.76E+00 1.27E+01 18700 3.9 62
2021 3.76E+00 1.27E+01 18700 3.9 62
2022 3.76E+00 1.27E+01 18700 3.9 62
2023 3.76E+00 1.27E+01 18700 3.9 62
2024 3.76E+00 1.27E+01 18700 3.9 62
2025 3.76E+00 1.27E+01 18700 3.9 62
2026 3.76E+00 1.27E+01 18700 3.9 62
2027 3.76E+00 1.27E+01 18700 3.9 62
2028 3.76E+00 1.27E+01 18700 3.9 62
2029 3.76E+00 1.27E+01 18700 3.9 62
2030 3.76E+00 1.27E+01 18700 3.9 62
2031 3.76E+00 1.27E+01 18700 3.9 62
2032 3.76E+00 1.27E+01 18700 3.9 62
2033 3.76E+00 1.27E+01 18700 3.9 62
2034 3.76E+00 1.27E+01 18700 3.9 62
2035 3.76E+00 1.27E+01 18700 3.9 62
2036 3.76E+00 1.27E+01 18700 3.9 62
2037 3.76E+00 1.27E+01 18700 3.9 62
2038 3.76E+00 1.27E+01 18700 3.9 62
2039 3.76E+00 1.27E+01 18700 3.9 62
2040 3.76E+00 1.27E+01 18700 3.9 62
2041 3.76E+00 1.27E+01 18700 3.9 62
2042 3.76E+00 1.27E+01 18700 3.9 62
2043 3.76E+00 1.27E+01 18700 3.9 62
2044 3.76E+00 1.27E+01 18700 3.9 62
2045 3.76E+00 1.27E+01 18700 3.9 62
2046 3.76E+00 1.27E+01 18700 3.9 62
2047 3.76E+00 1.27E+01 18700 3.9 62
2048 3.76E+00 1.27E+01 18700 3.9 62
2049 3.76E+00 1.27E+01 18700 3.9 62
2050 3.76E+00 1.27E+01 18700 3.9 62
2051 3.76E+00 1.27E+01 18700 3.9 62
Program B
PERTURBATION Start Date MM/YYYY Jan-00 da yr mo
Perturb Date Jan-01 36890 101.0685 1212.822
Output Decsion Matrix Numerical Output Decsion Matrix Binary
Mining & Milling Mining & Milling
A B C D A B C D A B C D
A 2 1 1 1 A 0 0 0 0 A 0 0 0 0
B 1 2 2 1 B 0 0 0 0 B 0 1 1 1
C 1 1 2 1 C 0 0 0 0 C 0 0 0 0
D 1 1 1 2 D 0 0 0 0 D 0 0 0 0
Conversion Conversion
A B C D A B C D A B C D
A 2 1 1 1 A 0 0 0 0 A 0 0 0 0
B 1 2 1 1 B 0 0 0 0 B 0 1 1 1
C 1 1 2 1 C 0 0 0 0 C 0 0 0 0
D 1 1 1 2 D 0 0 0 0 D 0 0 0 0
Enrichment Enrichment
A B C D A B C D A B C D
A 2 1 1 1 A 0 0 0 0 A 0 0 0 0
B 1 2 1 1 B 0 0 0 0 B 0 1 1 1
C 1 1 2 1 C 0 0 0 0 C 0 0 0 0
D 1 1 1 2 D 0 0 0 0 D 0 0 0 0
Fuel Fabrication Fuel Fabrication
A B C D A B C D A B C D
A 2 1 1 1 A 0 0 0 0 A 0 0 0 0
B 1 2 1 1 B 0 0 0 0 B 0 1 1 1
C 1 1 2 1 C 0 0 0 0 C 0 0 0 0
D 1 1 1 2 D 0 0 0 0 D 0 0 0 0
Reactors Reactors
A B C D A B C D A B C D
A 2 1 1 1 A 0 0 0 0 A 1 0 0 0
B 1 2 1 1 B 0 0 0 0 B 0 1 0 0
C 1 1 2 1 C 0 0 0 0 C 0 0 1 0
D 1 1 1 2 D 0 0 0 0 D 0 0 0 1
Disposal Disposal
A B C D A B C D
A 0 0 0 0 A 0 0 0 0
B 0 0 0 0 B 0 1 1 1
C 0 0 0 0 C 0 0 0 0
D 0 0 0 0 D 0 0 0 0
Mining & Milling 
Process Capacity Lending Priority
Conversion
Disposal
Fuel Fabrication
Enrichment 
 
 
Figure A.40. Illustration of the “Perturbation” sheet. 
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FUEL COMPOSITION
Reactor Variable
1 2 3 4
Fuel Type LWR LWR LWR CANDU-37 CANDU-28
Time in Reactor (yrs) 0 0 0 0 0
Burnup (GWd/MTHM) 33 50 65 7.92824 8.3
Reactor Size (Gwe) 1.5 1.5 1.5 0.7 0.5
Batch Quantity 3 3 3 444 532
Material Group Wt %
Uranium 1 1 1 1 1
U230 0 0 0 0
U231 0 0 0 0
U232 0 0 0 0
U233 0 0 0 0
U234 2.84698E-05 4.03346E-05 5.20498E-05 0.000063279 6.3279E-05
U235 0.031988532 0.000453198 0.000584829 0.00711 0.00711
U236 1.47147E-05 2.08471E-05 2.69021E-05 0.000032706 3.2706E-05
U237 0 0 0 0
U238 0.9675796 0.9540684 0.9407276 0.992794 0.992794
U239 0 0 0 0
U240 0 0 0 0
U241 0 0 0 0
Plutonium 0 0 0 0 0
Pu236 0 0 0 0
Pu237 0 0 0 0
Pu238 0 0 0 0
Pu239 0 0 0 0
Pu240 0 0 0 0
Pu241 0 0 0 0
Pu242 0 0 0 0
Pu243 0 0 0 0
Pu244 0 0 0 0
Pu245 0 0 0 0
Pu246 0 0 0 0
Minor Actinides 0 0 0 0 0
Th228 0 0 0 0
Th229 0 0 0 0
Th230 0 0 0 0
Th232 0 0 0 0
Pa231 0 0 0 0
Np237 0 0 0 0
Am241 0 0 0 0
Am242 0 0 0 0
Am243 0 0 0 0
Cm242 0 0 0 0
Cm243 0 0 0 0
Cm244 0 0 0 0
Cm245 0 0 0 0
Cm246 0 0 0 0
Cm247 0 0 0 0
Cm248 0 0 0 0
Cm250 0 0 0 0
Other MA 0 0 0 0 0
Fission Products 0 0 0 0 0
5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
 
 
(a) 
Figure A.41. a  Illustration of input parameters contained on the “Fuel Composition” sheet.
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Time in Reactor (yrs) 5 5 5 1 1
Uranium 9.55E-01 9.35E-01 9.12E-01 0.987790051 0.98724575
U230 2.09E-18 6.90737E-18 1.84E-17 1.95317E-20 2.197E-20
U231 1.25E-16 4.12962E-16 1.09491E-15 4.37537E-19 4.6471E-19
U232 4.34071E-10 9.01818E-10 1.60187E-09 3.92133E-12 5.4781E-12
U233 1.93787E-09 3.11572E-09 4.18966E-09 7.76266E-11 8.2452E-11
U234 0.000166889 0.000199282 0.000213583 5.06143E-05 5.0151E-05
U235 0.008329448 0.008808198 0.008063355 0.002052174 0.00195704
U236 0.004088729 0.006241432 0.008517319 0.000800768 0.00081482
U237 5.76862E-06 1.15589E-05 2.01884E-05 1.97717E-06 1.497E-06
U238 0.942737475 0.919716298 0.894728422 0.984883713 0.98442165
U239 3.68576E-07 5.39051E-07 7.5314E-07 8.04268E-07 5.8991E-07
U240 1.64489E-19 5.22152E-19 1.36889E-18 3.77232E-32 9.0632E-32
U241 0 0 0 0
Plutonium 0.009722153 0.011879255 0.013888474 0.003938811 0.00407535
Pu236 5.15266E-10 1.33688E-09 2.81277E-09 6.82558E-12 8.0102E-12
Pu237 2.18086E-10 7.01636E-10 1.81785E-09 7.99768E-12 7.3912E-12
Pu238 0.00015569 0.000337069 0.00062605 4.10835E-06 4.8351E-06
Pu239 0.005475637 0.006176438 0.006670466 0.002545216 0.00260906
Pu240 0.002285848 0.002794746 0.003239741 0.001089093 0.00113903
Pu241 0.001301914 0.001747841 0.002138829 0.00023182 0.00024621
Pu242 0.000502967 0.000822925 0.001212903 6.85558E-05 7.6212E-05
Pu243 8.88941E-08 2.07881E-07 4.11567E-07 1.79915E-08 1.486E-08
Pu244 8.32545E-09 2.64376E-08 6.92945E-08 1.98217E-21 4.5871E-21
Pu245 3.0878E-13 1.50086E-12 5.70354E-12 1.70014E-26 2.8551E-26
Pu246 1.61989E-15 1.1089E-14 5.78754E-14 3.80332E-28 5.3841E-28
Minor Actinides 0.000700844 0.001257146 0.001993706 0.000155446 0.00020071
Th228 3.43977E-12 6.5504E-12 6.2895E-17 7.96868E-15 1.469E-14
Th229 9.0214E-13 2.1438E-12 1.07991E-11 6.56256E-16 1.167E-15
Th230 2.22785E-09 2.44878E-09 4.39865E-12 8.42672E-11 1.187E-10
Th232 3.60076E-10 5.36351E-10 3.43772E-12 8.91476E-12 1.303E-11
Pa231 5.65163E-10 8.51223E-10 1.10891E-09 1.30211E-11 1.951E-11
Np237 0.000427072 0.000747332 0.001134909 2.81524E-05 3.0631E-05
Am241 6.59356E-05 7.48932E-05 7.71838E-05 1.82115E-06 2.7661E-06
Am242 9.84035E-08 1.52786E-07 2.10783E-07 9.51381E-09 1.058E-08
Am243 0.000106293 0.000226179 0.000402568 3.25928E-06 3.8861E-06
Cm242 1.5369E-05 2.42478E-05 3.44672E-05 4.15335E-07 6.2171E-07
Cm243 4.00173E-07 8.23425E-07 1.44088E-06 4.7244E-09 7.5622E-09
Cm244 2.90681E-05 8.8372E-05 0.000213583 2.44421E-07 3.1101E-07
Cm245 1.07993E-06 4.4066E-06 1.32989E-05 1.54813E-09 2.043E-09
Cm246 9.14839E-08 4.86756E-07 1.92485E-06 1.73915E-10 2.4111E-10
Cm247 8.48444E-10 6.45241E-09 3.44772E-08 6.63856E-13 9.9712E-13
Cm248 4.4967E-11 4.74557E-10 3.41273E-09 1.76115E-14 2.8301E-14
Cm250 1.37291E-23 1.67985E-16 2.42981E-15 1.30211E-22 1.648E-22
Other MA 5.54323E-05 9.02414E-05 0.000114081 0.000121537 0.00016247
Fission Products 0.034248323 0.051886286 0.072575681 0.008115692 0.00847819
0
 
(b) 
 
Figure A.42. b Illustration of input parameters contained on the “Fuel Composition” sheet.
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 Mining & Milling
A B C D
Attractiveness Level 4 4 4 4
Size Weight 0 0 0 0
Measurement Frequency 3 3 3 3
Measurement Uncertainity 0.01 0.01 0.01 0.01
Separability 1 1 1 1
% of Process Steps with Accounting 0.9 0.9 0.9 0.9
Prob of Unidentified Movement 0.01 0.01 0.01 0.01
Physical Barriers 6 6 6 6
Fuel Load Type 0 0 0 0
Conversion
A B C D
Attractiveness Level 4 4 4 4
Size Weight 0 0 0 0
Measurement Frequency 2 2 2 2
Measurement Uncertainity 0.005 0.005 0.005 0.005
Separability 1 1 1 1
% of Process Steps with Accounting 0.95 0.95 0.95 0.95
Prob of Unidentified Movement 0.0001 0.0001 0.0001 0.0001
Physical Barriers 5 5 5 5
Fuel Load Type 0 0 0 0
Enrichment
A B C D
Attractiveness Level 2 2 2 2
Size Weight 1 1 1 1
Measurement Frequency 2 2 2 2
Measurement Uncertainity 0.0005 0.0005 0.0005 0.0005
Separability 1 1 1 1
% of Process Steps with Accounting 1 1 1 1
Prob of Unidentified Movement 0.0005 0.0005 0.0005 0.0005
Physical Barriers 4 4 4 4
Fuel Load Type 0 0 0 0     
Fuel Fabrication
A B C D
Attractiveness Level 1 1 1 1
Size Weight 1 1 1 1
Measurement Frequency 1 1 1 1
Measurement Uncertainity 0.0005 0.0005 0.0005 0.0005
Separability 2 2 2 2
% of Process Steps with Accounting 0.95 0.95 0.95 0.95
Prob of Unidentified Movement 0.0005 0.0005 0.0005 0.0005
Physical Barriers 3 3 3 3
Fuel Load Type 1 1 1 1
Reactors
A B C D
Attractiveness Level 1 1 1 1
Size Weight 1 1 1 1
Measurement Frequency 1 1 1 1
Measurement Uncertainity 0.0005 0.0005 0.0005 0.0005
Separability 5 5 5 5
% of Process Steps with Accounting 1 1 1 1
Prob of Unidentified Movement 0.0005 0.0005 0.0005 0.0005
Physical Barriers 1 1 1 1
Fuel Load Type 1 1 1 1
Disposal
A B C D
Attractiveness Level 1 1 1 1
Size Weight 1 1 1 1
Measurement Frequency 6 6 6 6
Measurement Uncertainity 0.01 0.01 0.01 0.01
Separability 5 5 5 5
% of Process Steps with Accounting 1 1 1 1
Prob of Unidentified Movement 0.0005 0.0005 0.0005 0.005
Physical Barriers 3 3 3 3
Fuel Load Type 1 1 1 1  
    (a)              (b) 
 
 
Figure A.43. a- b Illustration of input parameters contained on the “Nonproliferation” sheet.
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Attractiveness Level 1 DOE Attractiveness Level 0.10
2 Heating Rate 0.05
3 Weight Fraction of Even Pu 0.06
Concentration 4 Concentration (SQs/t) 0.10
Handling Requirements 5 Radiation Dose Rate 0.08
6 Size/Weight 0.06
Accounting System 7 Freq of measurement 0.09
8 Measurement Uncertainty 0.10
9 Separability 0.03
10 % of Acct Processing Step 0.05
Accessibility 11 Prob of Unidentified Movement 0.07
12 Physical barriers 0.10
13 Inventory (SQs) 0.05
14 Fuel Load Type 0.06
Measure Attribute Weight
Attribute Entry Value
B 1
C 2
D 3
E 4
> 2 cubic ft OR 200 lb 1
< 2 cubic ft OR 200 lb 0
Continuous 1
Hourly 2
Daily 3
Weekly 4
Monthly 5
Quaterly 6
Annually 7
Never 8
Attractiveness Level
Measurement Frequency
Measurement Uncertainty
Uncertainity of material measurement for 
process in SQs/yr, 0 to 1.
Size/Weight
Pu/HEU Metal Solid 1
Separated Pu/HEU solution 2
Mixed Pu Solution 3
Solid fuel (w/o structural materials) 4
Solid fuel (w/ structural materials) 5
Inaccessible 1
Canyon 2
Vault 3
Secure 4
Remote 5
Hands-on 6
Batch
Continuous
% of Process Step with Accounting
Within process percentage of step that use an 
accountin
 
 
 
 
 
 
 
 
 
0
1
g process, 0 to 1.
Loading Type
Separability
Physical Barriers
Probability of Unidentified Movement
Probability of unidentified movement of a SQ of
material in the 
 
process, 0 to 1.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.44. Illustration of input parameters contained on the “Nonproliferation” sheet.
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RX Type1 RX Type2 RX Type3
Annual Interest Rate A 0.05 0.07 0.07
B 0.05 0.07 0.07
C 0.07 0.07 0.07
D 0.07 0.07 0.07
RX Type1 RX Type2 RX Type3
RX Overnight Costs A 3500 1 1
($/kwe) B 1400 1 1
C 1 1 1
D 1400 1 1
RX Type1 RX Type2 RX Type3
Depleted Ur Dispostion A 0 0 0
($/kgU) B 0 0 0
C 0 0 0
D 0 0 0
RX Type1 RX Type2 RX Type3
IDC Interest Rate A 0.03 0.07 0.07
B 0.03 0.07 0.07
C 0.05 0.07 0.07
D 0.05 0.07 0.07  
 
Figure A.45. Illustration of the “Econ Basic” sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B C D
2000 60 60 60 60
2005 60 60 60 60
2010 60 60 60 60
2015 60 60 60 60
2020 60 60 60 60
2025 60 60 60 60
2030 60 60 60 60
2035 60 60 60 60
2040 60 60 60 60
2045 60 60 60 60
2050 60 60 60 60
2055 60 60 60 60
2060 60 60 60 60
2065 60 60 60 60
2070 60 60 60 60
2075 60 60 60 60
2080 60 60 60 60
2085 60 60 60 60
2090 60 60 60 60
2095 60 60 60 60
2100 60 60 60 60
Mining and Milling
$/kgU
A B C D
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
10 10 10 10
Conversion
$/kgU
 
Figure A.46. Illustration of input parameters contained on the “Economics” sheet
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A B C D A B C D A B C D
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
105 105 105 105 105 105 105 105 105 105 105 105
Enrichment ($ per SWU)
RX Type 2 RX Type 3RX Type 1
 
Figure A.47. Illustration of input parameters contained on the “Economics” sheet. 
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A B C D A B C D A B C D
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
240 240 240 240 240 240 240 240 240 240 240 240
Fuel Fabrication ($/kgU)
RX Type 2 RX Type 3RX Type 1
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Figure A.48. Illustration of input parameters contained on the “Economics” sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B C D A B C D A B C D
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
64 64 64 64 64 64 64 64 64 64 64 64
Reactors, Fixed ($ per kwhe-yr installed)
RX Type 1 RX Type 2 RX Type 3
 
 
 
 
Figure A.49. Illustration of input parameters contained on the “Economics” sheet. 
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A B C D A B C D A B C D
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
Reactors, Variable (mills kWh)
RX Type 2 RX Type 3RX Type 1
Figure A.50. Illustration of input parameters contained on the “Economics” sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A B C D A B C D A B C D
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
RX Type 3
Disposal ($/kgHM)
RX Type 1 RX Type 2
 
 
Figure A.51. Illustration of input parameters contained on the “Economics” sheet.
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 APPENDIX B  FUEL COMPOSITION 
 
This appendix includes the ORIGEN-ARP input files and the corresponding 
composition of the fuel at reactor discharge. Five reactor discharge compositions are 
given three for pressurized water reactors and two for heavy water reactors. The 
pressurized water reactor compositions include: a Westinghouse 17x17 reactor operating 
at a burnup of 33 GWd/MTH, a Westinghouse 17x17 reactor operating at a burnup of 50 
GWd/MTH and a Westinghouse 17x17 reactor operating at a burnup of 65 GWd/MTH. 
The heavy water reactor compositions include: a CANDU 37 element reactor and a 
CANDU 28 element reactor. Reactor variables are listed in Figure B.1.Table B.1 through 
B.5 contain the isotopic fuel composition for the different reactor types. 
 
Table B.1. Reactor variables for fuel compositions. 
 
Reactor Variable
Fuel Type LWR LWR LWR CANDU-37 CANDU-28
Burnup (GWd/MTHM) 33 50 65 7.9 8.3
Reactor Size (Gwe) 1.5 1.5 1.5 0.7 0.5
Batch Quantity 3 3 3 444 532  
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B.1  WESTINGHOUSE DESIGN, LOW BURNUP 
=arp 
w17x17 
3.1988532 
3 
540 
540 
540 
20.37037 
20.37037 
20.37037 
1 
1 
1 
0.67 
ft33f001 
end 
#origens 
0$$ a4 33 a11 71 e t 
w17x17 
3$$ 33 a3 1 0 a16 2 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 0 a13 4 a15 3 a18 1 e 
57** 0 a3 1e-05 0.3333333 e t 
Cycle 1 -Test_33 
1 MTU 
58** 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 
 20.37037 20.37037 20.37037   
60** 54 108 162 216 270 324 378 432 486 540   
66$$ a1 2 a5 2 a9 2 e  
73$$ 922340 922350 922360 922380  
74** 284.6979 31988.53 147.1472 967579.6  
75$$ 2 2 2 2  
t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - Test_33 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 90   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
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 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 2 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 9 a15 3 a18 1 e 
57** 540 a3 1e-05 0.3333333 e t 
Cycle 2 -Test_33 
1 MTU 
58** 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 
 20.37037 20.37037 20.37037   
60** 594 648 702 756 810 864 918 972 1026 1080   
66$$ a1 2 a5 2 a9 2 e t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - Test_33 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 90   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 3 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 1 a10 9 a15 3 a18 1 e 
57** 1080 a3 1e-05 0.3333333 e t 
Cycle 3 -Test_33 
1 MTU 
58** 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 20.37037 
 20.37037 20.37037 20.37037   
60** 1134 1188 1242 1296 1350 1404 1458 1512 1566 1620   
66$$ a1 2 a5 2 a9 2 e t 
56$$ 0 0 a10  10 e t  
56$$ f0 t 
end 
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Table  B.2 Fuel composition for LWR at 33 GWD/MTHM burnup. 
 
Reactor Variable
1
Fuel Type LWR
Time in Reactor (yrs) 0
Burnup (GWd/MTHM) 33
Reactor Size (Gwe) 1.5
Batch Quantity 3
Material Group Wt % Time in Reactor (yrs) 5
Uranium 1.00E+00 Uranium 9.55E-01
U230 0.00E+00 U230 2.09E-18
U231 0.00E+00 U231 1.25E-16
U232 0.00E+00 U232 4.34E-10
U233 0.00E+00 U233 1.94E-09
U234 2.85E-05 U234 1.67E-04
U235 3.20E-02 U235 8.33E-03
U236 1.47E-05 U236 4.09E-03
U237 0.00E+00 U237 5.77E-06
U238 9.68E-01 U238 9.43E-01
U239 0.00E+00 U239 3.69E-07
U240 0.00E+00 U240 1.64E-19
U241 0.00E+00 U241 0.00E+00
Plutonium 0.00E+00 Plutonium 9.72E-03
Pu236 0.00E+00 Pu236 5.15E-10
Pu237 0.00E+00 Pu237 2.18E-10
Pu238 0.00E+00 Pu238 1.56E-04
Pu239 0.00E+00 Pu239 5.48E-03
Pu240 0.00E+00 Pu240 2.29E-03
Pu241 0.00E+00 Pu241 1.30E-03
Pu242 0.00E+00 Pu242 5.03E-04
Pu243 0.00E+00 Pu243 8.89E-08
Pu244 0.00E+00 Pu244 8.33E-09
Pu245 0.00E+00 Pu245 3.09E-13
Pu246 0.00E+00 Pu246 1.62E-15
Minor Actinides 0.00E+00 Minor Actinides 7.01E-04
Th228 0.00E+00 Th228 3.44E-12
Th229 0.00E+00 Th229 9.02E-13
Th230 0.00E+00 Th230 2.23E-09
Th232 0.00E+00 Th232 3.60E-10
Pa231 0.00E+00 Pa231 5.65E-10
Np237 0.00E+00 Np237 4.27E-04
Am241 0.00E+00 Am241 6.59E-05
Am242 0.00E+00 Am242 9.84E-08
Am243 0.00E+00 Am243 1.06E-04
Cm242 0.00E+00 Cm242 1.54E-05
Cm243 0.00E+00 Cm243 4.00E-07
Cm244 0.00E+00 Cm244 2.91E-05
Cm245 0.00E+00 Cm245 1.08E-06
Cm246 0.00E+00 Cm246 9.15E-08
Cm247 0.00E+00 Cm247 8.48E-10
Cm248 0.00E+00 Cm248 4.50E-11
Cm250 0.00E+00 Cm250 1.37E-23
Other MA 0.00E+00 Other MA 5.54E-05
Fission Products 0.00E+00 Fission Products 3.42E-02
FUEL COMPOSITION
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B.2 WESTINGHOUSE DESIGN, MEDIUM BURNUP 
=arp 
w17x17 
4.513977 
3 
540 
540 
540 
30.8642 
30.8642 
30.8642 
1 
1 
1 
0.67 
ft33f001 
end 
#origens 
0$$ a4 33 a11 71 e t 
w17x17 
3$$ 33 a3 1 0 a16 2 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 0 a13 4 a15 3 a18 1 e 
57** 0 a3 1e-05 0.3333333 e t 
Cycle 1 -PWR_50 
1 MTU 
58** 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 
 30.8642 30.8642   
60** 54 108 162 216 270 324 378 432 486 540   
66$$ a1 2 a5 2 a9 2 e  
73$$ 922340 922350 922360 922380  
74** 401.744 45139.77 207.6429 954250.8  
75$$ 2 2 2 2  
t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - PWR_50 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
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 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 2 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 9 a15 3 a18 1 e 
57** 540 a3 1e-05 0.3333333 e t 
Cycle 2 -PWR_50 
1 MTU 
58** 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 
 30.8642 30.8642   
60** 594 648 702 756 810 864 918 972 1026 1080   
66$$ a1 2 a5 2 a9 2 e t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - PWR_50 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 3 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 9 a15 3 a18 1 e 
57** 1080 a3 1e-05 0.3333333 e t 
Cycle 3 -PWR_50 
1 MTU 
58** 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 30.8642 
 30.8642 30.8642   
60** 1134 1188 1242 1296 1350 1404 1458 1512 1566 1620   
66$$ a1 2 a5 2 a9 2 e t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Cycle 3 Down - PWR_50 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
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61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
56$$ f0 t 
End 
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Table B.3 Fuel composition for LWR at 50 GWD/MTHM burnup. 
 
Reactor Variable
2
Fuel Type LWR
Time in Reactor (yrs) 0
Burnup (GWd/MTHM) 50
Reactor Size (Gwe) 1.5
Batch Quantity 3
Material Group Time in Reactor (yrs) 5
Uranium 9.55E-01 Uranium 9.35E-01
U230 0.00E+00 U230 6.91E-18
U231 0.00E+00 U231 4.13E-16
U232 0.00E+00 U232 9.02E-10
U233 0.00E+00 U233 3.12E-09
U234 4.03E-05 U234 1.99E-04
U235 4.53E-04 U235 8.81E-03
U236 2.08E-05 U236 6.24E-03
U237 0.00E+00 U237 1.16E-05
U238 9.54E-01 U238 9.20E-01
U239 0.00E+00 U239 5.39E-07
U240 0.00E+00 U240 5.22E-19
U241 0.00E+00 U241 0.00E+00
Plutonium 0.00E+00 Plutonium 1.19E-02
Pu236 0.00E+00 Pu236 1.34E-09
Pu237 0.00E+00 Pu237 7.02E-10
Pu238 0.00E+00 Pu238 3.37E-04
Pu239 0.00E+00 Pu239 6.18E-03
Pu240 0.00E+00 Pu240 2.79E-03
Pu241 0.00E+00 Pu241 1.75E-03
Pu242 0.00E+00 Pu242 8.23E-04
Pu243 0.00E+00 Pu243 2.08E-07
Pu244 0.00E+00 Pu244 2.64E-08
Pu245 0.00E+00 Pu245 1.50E-12
Pu246 0.00E+00 Pu246 1.11E-14
Minor Actinides 0.00E+00 Minor Actinides 1.26E-03
Th228 0.00E+00 Th228 6.55E-12
Th229 0.00E+00 Th229 2.14E-12
Th230 0.00E+00 Th230 2.45E-09
Th232 0.00E+00 Th232 5.36E-10
Pa231 0.00E+00 Pa231 8.51E-10
Np237 0.00E+00 Np237 7.47E-04
Am241 0.00E+00 Am241 7.49E-05
Am242 0.00E+00 Am242 1.53E-07
Am243 0.00E+00 Am243 2.26E-04
Cm242 0.00E+00 Cm242 2.42E-05
Cm243 0.00E+00 Cm243 8.23E-07
Cm244 0.00E+00 Cm244 8.84E-05
Cm245 0.00E+00 Cm245 4.41E-06
Cm246 0.00E+00 Cm246 4.87E-07
Cm247 0.00E+00 Cm247 6.45E-09
Cm248 0.00E+00 Cm248 4.75E-10
Cm250 0.00E+00 Cm250 1.68E-16
Other MA 0.00E+00 Other MA 9.02E-05
Fission Products 0.00E+00 Fission Products 5.19E-02
FUEL COMPOSITION
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B.3 WESTINGHOUSE DESIGN, HIGH BURNUP 
 
=arp 
w17x17 
5.8482899 
3 
540 
540 
540 
43.209899 
43.209899 
43.209899 
1 
1 
1 
0.67 
ft33f001 
end 
#origens 
0$$ a4 33 a11 71 e t 
w17x17 
3$$ 33 a3 1 0 a16 2 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 0 a13 4 a15 3 a18 1 e 
57** 0 a3 1e-05 0.3333333 e t 
Cycle 1 -PWR_50 
1 MTU 
58** 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 
 43.2099 43.2099   
60** 54 108 162 216 270 324 378 432 486 540   
66$$ a1 2 a5 2 a9 2 e  
73$$ 922340 922350 922360 922380  
74** 520.4978 58482.9 269.0213 940727.6  
75$$ 2 2 2 2  
t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - PWR_50 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
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 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 2 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 9 a15 3 a18 1 e 
57** 540 a3 1e-05 0.3333333 e t 
Cycle 2 -PWR_50 
1 MTU 
58** 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 
 43.2099 43.2099   
60** 594 648 702 756 810 864 918 972 1026 1080   
66$$ a1 2 a5 2 a9 2 e t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a6 3 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Decay - PWR_50 
1 MTU 
60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
w17x17 
3$$ 33 a3 3 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a10 9 a15 3 a18 1 e 
57** 1080 a3 1e-05 0.3333333 e t 
Cycle 3 -PWR_50 
1 MTU 
58** 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 43.2099 
 43.2099 43.2099   
60** 1134 1188 1242 1296 1350 1404 1458 1512 1566 1620   
66$$ a1 2 a5 2 a9 2 e t 
54$$ a8 1 a11 0  e 
56$$ a2 9 a10 10 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Cycle 3 Down - PWR_50 
1 MTU 
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60** 0.01 0.03 0.1 0.3 1 3 10 30 60   
61** f0.05  
65$$  
'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
56$$ f0 t 
end 
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Table B.4. Fuel composition for LWR at 65 GWD/MTHM burnup. 
 
Reactor Variable
3
Fuel Type LWR
Time in Reactor (yrs) 0
Burnup (GWd/MTHM) 65
Reactor Size (Gwe) 1.5
Batch Quantity 3
Material Group Time in Reactor (yrs) 5
Uranium 9.41E-01 Uranium 9.12E-01
U230 0.00E+00 U230 1.84E-17
U231 0.00E+00 U231 1.09E-15
U232 0.00E+00 U232 1.60E-09
U233 0.00E+00 U233 4.19E-09
U234 5.20E-05 U234 2.14E-04
U235 5.85E-04 U235 8.06E-03
U236 2.69E-05 U236 8.52E-03
U237 0.00E+00 U237 2.02E-05
U238 9.41E-01 U238 8.95E-01
U239 0.00E+00 U239 7.53E-07
U240 0.00E+00 U240 1.37E-18
U241 0.00E+00 U241 0.00E+00
Plutonium 0.00E+00 Plutonium 1.39E-02
Pu236 0.00E+00 Pu236 2.81E-09
Pu237 0.00E+00 Pu237 1.82E-09
Pu238 0.00E+00 Pu238 6.26E-04
Pu239 0.00E+00 Pu239 6.67E-03
Pu240 0.00E+00 Pu240 3.24E-03
Pu241 0.00E+00 Pu241 2.14E-03
Pu242 0.00E+00 Pu242 1.21E-03
Pu243 0.00E+00 Pu243 4.12E-07
Pu244 0.00E+00 Pu244 6.93E-08
Pu245 0.00E+00 Pu245 5.70E-12
Pu246 0.00E+00 Pu246 5.79E-14
Minor Actinides 0.00E+00 Minor Actinides 1.99E-03
Th228 0.00E+00 Th228 6.29E-17
Th229 0.00E+00 Th229 1.08E-11
Th230 0.00E+00 Th230 4.40E-12
Th232 0.00E+00 Th232 3.44E-12
Pa231 0.00E+00 Pa231 1.11E-09
Np237 0.00E+00 Np237 1.13E-03
Am241 0.00E+00 Am241 7.72E-05
Am242 0.00E+00 Am242 2.11E-07
Am243 0.00E+00 Am243 4.03E-04
Cm242 0.00E+00 Cm242 3.45E-05
Cm243 0.00E+00 Cm243 1.44E-06
Cm244 0.00E+00 Cm244 2.14E-04
Cm245 0.00E+00 Cm245 1.33E-05
Cm246 0.00E+00 Cm246 1.92E-06
Cm247 0.00E+00 Cm247 3.45E-08
Cm248 0.00E+00 Cm248 3.41E-09
Cm250 0.00E+00 Cm250 2.43E-15
Other MA 0.00E+00 Other MA 1.14E-04
Fission Products 0.00E+00 Fission Products 7.26E-02
FUEL COMPOSITION
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B.4 CANDU DESIGN, 37 BUNDLE 
=arp 
candu37 
0.711 
5 
45.3 
45.3 
45.3 
45.3 
45.3 
35 
35 
35 
35 
35 
1 
1 
1 
1 
1 
0.8121 
ft33f001 
end 
#origens 
0$$ a4 33 a11 71 e t 
candu37 
3$$ 33 a3 1 0 a16 2 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 3 a10 0 a13 4 a15 3 a18 1 e 
57** 0 a3 1e-05 0.2 e t 
Cycle 1 -CANDU_37 
1 MTU 
58** 35 35 35 35 35 35 35 35 35 35   
60** 4.53 9.06 13.59 18.12 22.65 27.18 31.71 36.24 40.77 45.3   
66$$ a1 2 a5 2 a9 2 e  
73$$ 922340 922350 922360 922380  
74** 63.279 7110 32.706 992794  
75$$ 2 2 2 2  
t 
candu37 
3$$ 33 a3 2 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
57** 45.3 a3 1e-05 0.2 e t 
Cycle 2 -CANDU_37 
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1 MTU 
58** 35 35 35 35 35 35 35 35 35 35   
60** 49.83 54.36 58.89 63.42 67.95 72.48 77.01 81.54 86.07 90.6   
66$$ a1 2 a5 2 a9 2 e t 
candu37 
3$$ 33 a3 3 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
57** 90.6 a3 1e-05 0.2 e t 
Cycle 3 -CANDU_37 
1 MTU 
58** 35 35 35 35 35 35 35 35 35 35   
60** 95.13 99.66 104.19 108.72 113.25 117.78 122.31 126.84 131.37 135.9   
66$$ a1 2 a5 2 a9 2 e t 
candu37 
3$$ 33 a3 4 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
57** 135.9 a3 1e-05 0.2 e t 
Cycle 4 -CANDU_37 
1 MTU 
58** 35 35 35 35 35 35 35 35 35 35   
60** 140.43 144.96 149.49 154.02 158.55 163.08 167.61 172.14 176.67 
 181.2   
66$$ a1 2 a5 2 a9 2 e t 
candu37 
3$$ 33 a3 5 0 a33 0 e t 
35$$ 0 t 
56$$ 10 10 a6 1 a10 10 a15 3 a18 1 e 
57** 181.2 a3 1e-05 0.2 e t 
Cycle 5 -CANDU_37 
1 MTU 
58** 35 35 35 35 35 35 35 35 35 35   
60** 185.73 190.26 194.79 199.32 203.85 208.38 212.91 217.44 221.97 
 226.5   
66$$ a1 2 a5 2 a9 2 e t 
56$$ 0 0 a10  10 e t  
54$$ a8 1 a11 0  e 
56$$ a2 0 a10 10 a14 5 a15 3 a17 4 e 
57** 0 a3 1e-05 e  
95$$ 0 t 
Cycle 5 Down - CANDU_37 
1 MTU 
60**   
61** f0.05  
65$$  
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'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
 3z   1   0   0   3z   3z   3z   6z  
t 
56$$ f0 t 
end 
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Table B.5. Fuel composition for 37 bundle CANDU. 
 
.
Reactor Variable
4
Fuel Type CANDU-37
Time in Reactor (yrs) 0
Burnup (GWd/MTHM) 7.92824
Reactor Size (Gwe) 700
Batch Quantity 444
Material Group Time in Reactor (yrs) 1
Uranium 1.00E+00 Uranium 9.88E-01
U230 0.00E+00 U230 1.95E-20
U231 0.00E+00 U231 4.38E-19
U232 0.00E+00 U232 3.92E-12
U233 0.00E+00 U233 7.76E-11
U234 6.33E-05 U234 5.06E-05
U235 7.11E-03 U235 2.05E-03
U236 3.27E-05 U236 8.01E-04
U237 0.00E+00 U237 1.98E-06
U238 9.93E-01 U238 9.85E-01
U239 0.00E+00 U239 8.04E-07
U240 0.00E+00 U240 3.77E-32
U241 0.00E+00 U241 0.00E+00
Plutonium 0.00E+00 Plutonium 3.94E-03
Pu236 0.00E+00 Pu236 6.83E-12
Pu237 0.00E+00 Pu237 8.00E-12
Pu238 0.00E+00 Pu238 4.11E-06
Pu239 0.00E+00 Pu239 2.55E-03
Pu240 0.00E+00 Pu240 1.09E-03
Pu241 0.00E+00 Pu241 2.32E-04
Pu242 0.00E+00 Pu242 6.86E-05
Pu243 0.00E+00 Pu243 1.80E-08
Pu244 0.00E+00 Pu244 1.98E-21
Pu245 0.00E+00 Pu245 1.70E-26
Pu246 0.00E+00 Pu246 3.80E-28
Minor Actinides 0.00E+00 Minor Actinides 1.55E-04
Th228 0.00E+00 Th228 7.97E-15
Th229 0.00E+00 Th229 6.56E-16
Th230 0.00E+00 Th230 8.43E-11
Th232 0.00E+00 Th232 8.91E-12
Pa231 0.00E+00 Pa231 1.30E-11
Np237 0.00E+00 Np237 2.82E-05
Am241 0.00E+00 Am241 1.82E-06
Am242 0.00E+00 Am242 9.51E-09
Am243 0.00E+00 Am243 3.26E-06
Cm242 0.00E+00 Cm242 4.15E-07
Cm243 0.00E+00 Cm243 4.72E-09
Cm244 0.00E+00 Cm244 2.44E-07
Cm245 0.00E+00 Cm245 1.55E-09
Cm246 0.00E+00 Cm246 1.74E-10
Cm247 0.00E+00 Cm247 6.64E-13
Cm248 0.00E+00 Cm248 1.76E-14
Cm250 0.00E+00 Cm250 1.30E-22
Other MA 0.00E+00 Other MA 1.22E-04
Fission Products 0.00E+00 Fission Products 8.12E-03
FUEL COMPOSITION
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B.5 CANDU DESIGN, 28 BUNDLE 
=arp 
candu28 
      0.711 
      5 
      64.8 
      64.8 
      64.8 
      64.8 
      64.8 
      25.5787 
      25.5787 
      25.5787 
      25.5787 
      25.5787 
      1 
      1 
      1 
      1 
      1 
      0.8121 
      ft33f001 
#origens 
      0$$ a4 33 a11 71 e t 
      candu28 
      3$$ 33 a3 1 0 a16 2 a33 0 e t 
      35$$ 0 t 
      56$$ 10 10 a6 3 a10 0 a13 4 a15 3 a18 1 e 
      57** 0 a3 1e-05 0.2 e t 
      Cycle 1 -CANDU_28 
      1 MTU 
      58** 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 
       25.5787 25.5787 
      60** 6.48 12.96 19.44 25.92 32.4 38.88 45.36 51.84 58.32 64.8 
      66$$ a1 2 a5 2 a9 2 e 
      73$$ 922340 922350 922360 922380 
      74** 63.279 7110 32.706 992794 
      75$$ 2 2 2 2 
      t 
      candu28 
      3$$ 33 a3 2 0 a33 0 e t 
      35$$ 0 t 
      56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
      57** 64.8 a3 1e-05 0.2 e t 
      Cycle 2 -CANDU_28 
 210
      1 MTU 
      58** 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 
       25.5787 25.5787 
      60** 71.28 77.76 84.24 90.72 97.2 103.68 110.16 116.64 123.12 129.6 
      66$$ a1 2 a5 2 a9 2 e t 
      candu28 
      3$$ 33 a3 3 0 a33 0 e t 
      35$$ 0 t 
      56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
      57** 129.6 a3 1e-05 0.2 e t 
      Cycle 3 -CANDU_28 
      1 MTU 
      58** 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 
       25.5787 25.5787 
      60** 136.08 142.56 149.04 155.52 162 168.48 174.96 181.44 187.92 194.4 
      66$$ a1 2 a5 2 a9 2 e t 
      candu28 
      3$$ 33 a3 4 0 a33 0 e t 
      35$$ 0 t 
      56$$ 10 10 a6 3 a10 10 a15 3 a18 1 e 
      57** 194.4 a3 1e-05 0.2 e t 
      Cycle 4 -CANDU_28 
      1 MTU 
      58** 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 
       25.5787 25.5787 
      60** 200.88 207.36 213.84 220.32 226.8 233.28 239.76 246.24 252.72 259.2 
      66$$ a1 2 a5 2 a9 2 e t 
      candu28 
      3$$ 33 a3 5 0 a33 0 e t 
      35$$ 0 t 
      56$$ 10 10 a10 10 a15 3 a18 1 e 
      57** 259.2 a3 1e-05 0.2 e t 
      Cycle 5 -CANDU_28 
      1 MTU 
      58** 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 25.5787 
       25.5787 25.5787 
      60** 265.68 272.16 278.64 285.12 291.6 298.08 304.56 311.04 317.52 324 
      66$$ a1 2 a5 2 a9 2 e t 
      54$$ a8 1 a11 0  e 
      56$$ a2 1 a10 10 a15 3 a17 4 e 
      57** 0 a3 1e-05 e 
      95$$ 0 t 
      Cycle 5 Down - CANDU_28 
      1 MTU 
      60** 36 
      61** f0.05 
 211
      65$$ 
      'Gram-Atoms   Grams   Curies   Watts-All   Watts-Gamma 
       3z   1   0   0   3z   3z   3z   6z 
       3z   1   0   0   3z   3z   3z   6z 
       3z   1   0   0   3z   3z   3z   6z 
      t 
      56$$ f0 t 
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Table B.6. Fuel composition for28 bundle CANDU. 
 
Reactor Variable
5
Fuel Type CANDU-28
Time in Reactor (yrs) 0
Burnup (GWd/MTHM) 8.3
Reactor Size (Gwe) 500
Batch Quantity 532
Material Group Time in Reactor (yrs) 1
Uranium 1.00E+00 Uranium 9.87E-01
U230 0.00E+00 U230 2.20E-20
U231 0.00E+00 U231 4.65E-19
U232 0.00E+00 U232 5.48E-12
U233 0.00E+00 U233 8.25E-11
U234 6.33E-05 U234 5.02E-05
U235 7.11E-03 U235 1.96E-03
U236 3.27E-05 U236 8.15E-04
U237 0.00E+00 U237 1.50E-06
U238 9.93E-01 U238 9.84E-01
U239 0.00E+00 U239 5.90E-07
U240 0.00E+00 U240 9.06E-32
U241 0.00E+00 U241 0.00E+00
Plutonium 0.00E+00 Plutonium 4.08E-03
Pu236 0.00E+00 Pu236 8.01E-12
Pu237 0.00E+00 Pu237 7.39E-12
Pu238 0.00E+00 Pu238 4.84E-06
Pu239 0.00E+00 Pu239 2.61E-03
Pu240 0.00E+00 Pu240 1.14E-03
Pu241 0.00E+00 Pu241 2.46E-04
Pu242 0.00E+00 Pu242 7.62E-05
Pu243 0.00E+00 Pu243 1.49E-08
Pu244 0.00E+00 Pu244 4.59E-21
Pu245 0.00E+00 Pu245 2.86E-26
Pu246 0.00E+00 Pu246 5.38E-28
Minor Actinides 0.00E+00 Minor Actinides 2.01E-04
Th228 0.00E+00 Th228 1.47E-14
Th229 0.00E+00 Th229 1.17E-15
Th230 0.00E+00 Th230 1.19E-10
Th232 0.00E+00 Th232 1.30E-11
Pa231 0.00E+00 Pa231 1.95E-11
Np237 0.00E+00 Np237 3.06E-05
Am241 0.00E+00 Am241 2.77E-06
Am242 0.00E+00 Am242 1.06E-08
Am243 0.00E+00 Am243 3.89E-06
Cm242 0.00E+00 Cm242 6.22E-07
Cm243 0.00E+00 Cm243 7.56E-09
Cm244 0.00E+00 Cm244 3.11E-07
Cm245 0.00E+00 Cm245 2.04E-09
Cm246 0.00E+00 Cm246 2.41E-10
Cm247 0.00E+00 Cm247 9.97E-13
Cm248 0.00E+00 Cm248 2.83E-14
Cm250 0.00E+00 Cm250 1.65E-22
Other MA 0.00E+00 Other MA 1.62E-04
Fission Products 0.00E+00 Fission Products 8.48E-03
FUEL COMPOSITION
 
 213
 214
APPENDIX C MEPAT INPUT DATA 
 
This appendix contains illustrations of the data spreadsheet used as input for 
MEPAT for three selected scenarios. Section C.1 contains illustrations pertaining to the 
comparison of VISION and MEPAT economic analysis results at described in section 2.3 
of Chapter 5. Section C.2 contains illustrations pertaining to the third scenario of Chapter 
6 concerning the introduction of nuclear power into a specified nuclear program and uses 
the supply perturbation feature of MEPAT. Section C.3 contains illustrations pertaining 
to the fourth scenario of Chapter 6. The scenario pertains to the introduction of nuclear 
power in the Hashemite Kingdom of Jordan and analyzes reactor type choice. 
 
C.1  VISION MEPAT COMPARISON INPUT 
This section contains illustration of the user-specified variables contained in the 
data spreadsheet used as the MEPAT input file in the comparison to the VISION 
economic analysis as described in Chapter 5, section 2, subsection 3.  All parameters not 
specifically listed have a zero value or are not used in the comparison. The scenario 
examined is a once-through fuel cycle with a single light-water reactor. The scenario 
begins January 1, 2000 and continues for one hundred years with a timestep of three 
months. There are five batches of fuel in the reactor with a batch cycle length of 1 year. 
The back-end of the fuel cycle in this scenario consists of dry fuel storage and the 
repository.
 
 
 
 
 
 
 
 
 
 
 
Parameter Availability Reactor Type 1 Reactor Type 2 Reactor Type 3
Maximum Annual Reactor Order 5 Program A 0.9 0.8 0.8
Mining & Milling Process Time 1 Program B 0.9 0.8 0.8
Conversion Process Time 0.25 Program C 0.9 0.8 0.8
Fabrication Time 1 Program D 0.9 0.8 0.8
Mining & Milling Process Factor 1
Conversion Process Factor 1 Reactor Lifetime Reactor Type 1 Reactor Type 2 Reactor Type 3
Enrichment Process Factor 1 (yr)
Fabrication Process Factor 1 Program A 60 80 80
Program B 60 80 80
Program C 60 80 80
Parameter Reactor Type 1 Reactor Type 2 Reactor Type 3 Program D 80 80 80
Enrichment Time 1 1 1 Tails Assay Reactor Type 1 Reactor Type 2 Reactor Type 3
Ordering Lic & Const Time 5 0 0 (%)
Fuel Type 2 2 2 Program A 0.25 0.25 0.25
Program B 0.25 0.25 0.25
Program C 0.25 0.25 0.25
Program D 0.25 0.25 0.25  
 
 
 
 
 
 
Figure C.1. Scenario parameters contained on the “Basic Parameters” sheet  
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A B C D
A 1 Reactor Type 1 Reactor Type 2 Reactor Type 3
B
C Program A 3 2 0
D Program B 3 2 0
Program C 3 2 0
Program D 3 2 0
A B C D
A 1
B
C Reactor Type 1 Reactor Type 2 Reactor Type 3
D
Program A 1 0 0
Program B 1 0 0
A B C D Program C 1 0 0
A 1 Program D 1 0 0
B
C
D
A B C D
A 1
B
C
D
A B C D
A 1
B
C
D
Fuel Fabrication
Disposal
Program Reactor PriorityMining & Milling 
Conversion
Enrichment 
Program Reactor Prefernce
 
 
Figure  C.2. Scenario parameters contained on the “Priorities” sheet  
 
 
 
 
 
Year
2000 1 0 0
2060 1 0 0
Program A
Reactors to Order
 
 
 
Figure C.3. Scenario parameters contained on the “Basic Parameters” sheet  
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 RX Type1 RX Type2 RX Type3
Annual Interest Rate A 0.075
B
C
D
RX Type1 RX Type2 RX Type3
RX Overnight Costs A 2800
($/kwe) B
C
D
RX Type1 RX Type2 RX Type3
Depleted Ur Dispostion A 10
($/kgU) B
C
D
RX Type1 RX Type2 RX Type3
IDC Interest Rate A 0.075
B
C
D  
 
Figure C.4. Scenario parameters contained on the “Econ Basic” sheet  
 
 
A A A A
2000 60 10 105 240
2005 60 10 105 240
2010 60 10 105 240
2015 60 10 105 240
2020 60 10 105 240
2025 60 10 105 240
2030 60 10 105 240
2035 60 10 105 240
2040 60 10 105 240
2045 60 10 105 240
2050 60 10 105 240
2055 60 10 105 240
2060 60 10 105 240
2065 60 10 105 240
2070 60 10 105 240
2075 60 10 105 240
2080 60 10 105 240
2085 60 10 105 240
2090 60 10 105 240
2095 60 10 105 240
2100 60 10 105 240
Enrichment ($ per SWU) Fuel Fabrication ($/kgU)Mining and Milling Conversion
RX Type 1 RX Type 1$/kgU $/kgU
 
 
 
Figure C.5. Partial illustration of scenario parameters contained on the “Economics” sheet  
 217
 A A
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
64 1.8 1055
Disposal ($/kgHM)Reactors, Fixed ($ per kwhe-yr installed) Reactors, Variable (mills kWh)
RX Type 1RX Type 1 RX Type 1
A
 
 
 
Figure C.6. Partial illustration of scenario parameters contained on the “Economics” sheet  
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C.2 SCENARIO 3 INPUT 
 
This scenario involves material movement, economics modules of MEPAT and 
illustrates the utility of the system perturbation feature. The scenario involves a system of 
four nuclear programs. The first nuclear program, A, represents a program entering the 
nuclear power industry. The three other nuclear programs B, C, and D are established 
entities in the nuclear power industry and possess all fuel cycle processes. Nuclear 
program A secures supply nuclear power generation by an agreement with nuclear 
program B to provide front-end and disposal services. Nuclear program B agrees to 
provide supply service for five light-water reactors, each with a capacity of 1.5 GWe. 
Nuclear program A orders five LWRs in the first year of the simulation given the assured 
supply contract.  In the year 2025, nuclear program B experiences a supply disruption 
that results in inability to supply nuclear program A as previously agreed. Nuclear 
program B negotiates supply with nuclear programs C and D to fulfill the nuclear fuel 
demand. Program A enters a supply agreement with nuclear program C to fulfill the 
majority of its front-end supply and disposal demand and program D for the remaining. 
The scenario is summarized in this section with supporting information concerning data 
spreadsheet parameters contained in Appendix C. 
 
Parameter Availability Reactor Type 1 Reactor Type 2 Reactor Type 3
Maximum Annual Reactor Order 5 Program A 0.9 0.8 0.8
Mining & Milling Process Time 1 Program B 0.9 0.8 0.8
Conversion Process Time 0.25 Program C 0.9 0.8 0.8
Fabrication Time 1 Program D 0.9 0.8 0.8
Mining & Milling Process Factor 1
Conversion Process Factor 1 Reactor Lifetime Reactor Type 1 Reactor Type 2 Reactor Type 3
Enrichment Process Factor 1 (yr)
Fabrication Process Factor 1 Program A 60 80 80
Program B 60 80 80
Program C 60 80 80
Program D 80 80 80
Tails Assay Reactor Type 1 Reactor Type 2 Reactor Type 3
Parameter Reactor Type 1 Reactor Type 2 Reactor Type 3 (%)
Program A 0.25 0.25 0.25
Enrichment Time 1 1 1 Program B 0.25 0.25 0.25
Ordering Lic & Const Time 0 0 0 Program C 0.25 0.25 0.25
Fuel Type 2 2 2 Program D 0.25 0.25 0.25  
 
 
Figure   C.7 Scenario parameters contained on the “Econ Basic” sheet  
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A B C D
A Reactor Type 1 Reactor Type 2 Reactor Type 3
B 3 4
C 3 4 Program A 3 2 0
D 4 Program B 3 2 0
Program C 3 2 0
Program D 3 2 0
A B C D
A
B 3 4
C 3 4 Reactor Type 1 Reactor Type 2 Reactor Type 3
D 4
Program A 1 0 0
Program B 1 0 0
A B C D Program C 1 0 0
A Program D 1 0 0
B 3 4
C 3 4
D 4
A B C D
A
B 3 4
C 3 4
D 4
A B C D
A
B 3 4
C 3 4
D 4
Fuel Fabrication
Disposal
Program Reactor Priority
Process Capacity Lending Priority
Mining & Milling 
Conversion
Enrichment 
Program Reactor Prefernce
 
 
Figure   C.8. Scenario parameters contained on the “Priorities” sheet  
 
 
 
Year
2000 15 0 0 10 0 0 0 0 0
2001 15 0 0 10 0 0 0 0 0
2002 15 0 0 10 0 0 0 0 0
2003 15 0 0 10 0 0 0 0 0
2004 15 0 0 10 0 0 0 0 0
2005 15 0 0 10 0 0 0 0 0
2035 15 0 0 10 0 0 0 0 0
2036 15 0 0 10 0 0 0 0 0
2037 15 0 0 10 0 0 0 0 0
2038 15 0 0 10 0 0 0 0 0
2039 15 0 0 10 0 0 0 0 0
2040 15 0 0 10 0 0 0 0 0
Existing Reactors
Program DProgram B Program C
 
 
Figure   C.9 Scenario parameters contained on the “Reactors” sheet  
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Output Decsion Matrix Binary
Supply  
Mining & Milling
A B C D
A 0 0 0 0
B 1 1 0 0
C 0 0 1 0
D 0 0 0 1
Conversion
A B C D
A 0 0 0 0
B 1 1 0 0
C 0 0 1 0
D 0 0 0 1
Enrichment
A B C D
A 0 0 0 0
B 1 1 0 0
C 0 0 1 0
D 0 0 0 1
Fuel Fabrication
A B C D
A 0 0 0 0
B 1 1 0 0
C 0 0 1 0
D 0 0 0 1
Reactors
A B C D
A 1 0 0 0
B 0 1 0 0
C 0 0 1 0
D 0 0 0 1
Disposal
A B C D
A 0 0 0 0
B 1 1 0 0
C 0 0 1 0
D 0 0 0 1  
 
Figure   C.10. Scenario parameters contained on the “Material Movement” sheet  
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 PERTURBATION Start Date MM/YYYY Jan-00 da yr mo
LEND SWITCH 1 Perturb Date Jan-25 9132 25.01918 300.2301
CAPACITY SWITCH 1
Output Decsion Matrix Numerical Output Decsion Matrix Binary
Mining & Milling Mining & Milling
A B C D A B C D A B C D
A A 0.00E+00 0 0 0 A 0 0 0 0
B 2 4 B 0 1.00E+06 0 0 B 0 1 0 0
C 3 4 C 1.105 0 1.00E+06 0 C 1 0 1 0
D 1 4 D 1.00E+06 0 0 0 D 1 0 0 0
Conversion Conversion
A B C D A B C D A B C D
A A 0 0 0 0 A 0 0 0 0
B 2 4 B 0 1.00E+06 0 0 B 0 1 0 0
C 3 4 C 1.105 0 1.00E+06 0 C 1 0 1 0
D 1 4 D 1.00E+06 0 0 0 D 1 0 0 0
Enrichment Enrichment
A B C D A B C D A B C D
A A 0 0 0 0 A 0 0 0 0
B 2 4 B 0 1.00E+06 0 0 B 0 1 0 0
C 3 4 C 824 0 1.00E+06 0 C 1 0 1 0
D 1 4 D 1.00E+06 0 0 0.00E+00 D 1 0 0 0
Fuel Fabrication Fuel Fabrication
A B C D A B C D A B C D
A A 0 0 0 0 A 0 0 0 0
B 2 4 B 0 1.00E+06 0 0 B 0 1 0 0
C 3 4 C 0.1105 0 1.00E+06 0 C 1 0 1 0
D 1 4 D 1.00E+06 0 0 0.00E+00 D 1 0 0 0
Disposal Disposal
A B C D A B C D A B C D
A A 0 0 0 0 A 0 0 0 0
B 2 4 B 0 1.00E+06 0 0 B 0 1 0 0
C 3 4 C 0.1105 0 1.00E+06 0 C 1 0 1 0
D 1 4 D 1.00E+06 0 0 0.00E+00 D 1 0 0 0
Mining & Milling 
Process Capacity Lending Priority
Conversion
Disposal
Fuel Fabrication
Enrichment 
 
 
Figure   C.11. Scenario parameters contained on the “Perturbation” sheet  
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RX Type1 RX Type2 RX Type3
Annual Interest Rate A 0.05 0.05 0.05
B 0.05 0.05 0.05
C 0.05 0.05 0.05
D 0.05 0.05 0.05
RX Type1 RX Type2 RX Type3
RX Overnight Costs A 3500 0 0
($/kwe) B 0 0 0
C 0 0
D 0 0
RX Type1 RX Type2 RX Type3
Depleted Ur Dispostion A 11 0 0
($/kgU) B 0 0 0
C 0 0
D 0 0
RX Type1 RX Type2 RX Type3
IDC Interest Rate A 0.03 0 0
B 0 0
C 0 0
D 0 0
0
0
0
0
0
0
0  
 
Figure   C.12. Scenario parameters contained on the “Econ Basic” sheet  
 
 
 224
A B C D A B C D A B C D A B C D
2000 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2005 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2010 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2015 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2020 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2025 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2030 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2035 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2040 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2045 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2050 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2055 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2060 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2065 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2070 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2075 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2080 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2085 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2090 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2095 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
2100 0 30 75 260 0 5 10 15 0 85 110 135 0 200 250 300
Enrichment ($ per SWU) Fuel Fabrication ($/kgU)Mining and Milling Conversion
RX Type 1 RX Type 1$/kgU $/kgU
 
 
 
Figure   C.13. Scenario parameters contained on the “Economics” sheet  
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A B C D A B C D A B C D
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
66 0 0 0 1.8 0 0 0 0 387 548 914
Disposal ($/kgHM)Reactors, Fixed ($ per kwhe-yr installed) Reactors, Variable (mills kWh)
RX Type 1RX Type 1 RX Type 1
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Figure   C.14. Scenario parameters contained on the “Economics” sheet  
 C.3 SCENARIO 4 INPUT 
 
This scenario encompasses the material movement, economics and 
nonproliferation modules of MEPAT using real-word nuclear capacity goal. The rather 
broad goals set forth for Jordan will be analyzed in this scenario using varying reactor 
types. The first reactor type is a 1.5 GWe light-water reactor with the parameters as listed 
in Figure C.15. The second reactor type is a 500 MWe heavy-water reactor with the 
parameters as listed in Figure C.16.  The overview first describes options set in tabs 
within the MEPAT application in Powersim. The overview then continues to describe 
parameters in sheets within the data spreadsheet. The scenario is simulated using two 
nuclear programs, A and B, one using LWRs and the other using CANDUs.  
 
 
Parameter Value
Nuclear Capacity (GWe) 1500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Discharge Burnup (GWd/MTHM) 50
Initial Enrichment 4.51
Tails Assay (%) 0.30  
Figure   C.15. Light-water reactor fuel cycle parameters. 
  
 
 
Parameter Value
Nuclear Capacity (MWe) 500
Thermal Efficiency (%) 0.33
Load Factor (%) 0.90
Discharge Burnup (GWd/MTHM) 8.3
Initial Enrichment 0.72  
Figure   C.16. Heavy-water reactor fuel cycle parameters. 
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  The model uses the first reactor order option set on the “Reactor Order” tab of 
MEPAT, which is a logistic function defining a nuclear capacity goal. The desired 
capacity goal is 4 GWe by 2035. The uranium switch is set of to “unlimited,” and 
removes constraints on process capacity due to ore resources.  The process “capacity 
switch” is set to unlimited and process capacity lending, via the “lending switch,” is set 
“to meet demand.” The settings for the three variables pertaining to uranium resources, 
process capacity and process capacity lending, are set on the “Fuel Order” tab in 
MEPAT. 
The data spreadsheet contains parameters that define calculations within the 
modules for the scenario. The “Basic Parameters” sheet contains reactor and process 
information such as annual maximum reactor order and fuel type selection. The 
availability and reactor lifetimes for both reactor types are 90% and 60 years, 
respectively. The “Reactors” sheet defines reactor ordering for the nuclear programs. 
However, the reactor order option selected negates the use of this sheet. The “Process 
Capacity” sheet defines annual process capacity for the four nuclear programs, excluding 
the reactor process. Setting the process “capacity switch” to unlimited negates the need 
for input on this sheet. 
The “Priorities” sheet contains information pertaining to process capacity and 
reactor priority and preference as well as process capacity priority. The scenario gives 
priority to domestic process capacity supply with diagonal entries in all matrices. The 
“Material Movement” sheet defines supply relationships for the scenario. Supply 
relationships exist only within a given nuclear program for this scenario. No perturbation 
occurs in the scenario, which negates the need for input on the “Perturbation” sheet.  The 
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“Econ Basic” and the “Economics” sheet show the economic parameters used in this 
scenario which are summarized in Figure C.17 [29, 345]. The interest rate during 
construction is 3% and the loan interest rate is 5% for both reactor types.  The absence of 
supply interaction between nuclear programs, and the absence of perturbation in this 
scenario simplifies the number of input parameters. The analysis has a time span of sixty 
years and the process time is three months for the conversion process, and one year for 
the mining/milling, enrichment, and fuel fabrication processes. 
 
LWR CANDU
Mining/Milling ($/kg) 75 75
Conversion ($/kg) 10 10
Enrichment ($/kSWU) 110 n/a
Fuel Fabrication ($/kg) 250 250
Overnight Cost ($/kWe) 2800 2075
Reactor O&M Variable (mills/kWh) 1.8 2.1
Reactor O&M Fixed ($/kWe-yr) 66 66
Disposal ($/kg) 548 548  
 
Figure   C.17. Economic parameters used in scenario. 
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Parameter Availability Reactor Type 1 Reactor Type 2 Reactor Type 3
Maximum Annual Reactor Order 5 Program A 0.9 0.9 0.8
Mining & Milling Process Time 1 Program B 0.9 0.9 0.8
Conversion Process Time 0.25 Program C 0.9 0.9 0.8
Fabrication Time 1 Program D 0.9 0.9 0.8
Mining & Milling Process Factor 1
Conversion Process Factor 1 Reactor Lifetime Reactor Type 1 Reactor Type 2 Reactor Type 3
Enrichment Process Factor 1 (yr)
Fabrication Process Factor 1 Program A 60 60 80
Program B 60 60 80
Program C 60 60 80
Program D 60 60 80
Tails Assay Reactor Type 1 Reactor Type 2 Reactor Type 3
Parameter Reactor Type 1 Reactor Type 2 Reactor Type 3 (%)
Program A 0.25 0.25 0.25
Enrichment Time 1 0 1 Program B 0.25 0.25 0.25
Ordering Lic & Const Time 5 5 5 Program C 0.25 0.25 0.25
Fuel Type 2 5 2 Program D 0.25 0.25 0.25  
 
Figure   C.18. Scenario parameters contained on the “Basic Parameters” sheet  
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